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1. Introduction and Summary

The principal focus of the four-year program (2/1/82 -

1/31/86) was the development of the Cerenkov Maser. A widely-

tunable, high-power, mm-wavelength source was desired, and

these characteristics were demonstrated. The experimental

effort was concentrated on the development of oscillators,

and detailed theoretical studies of both oscillator and
amplifier operation were completed.

The oscillator experiments were undertaken with two

types of beam generator. The first was based on conventional

high-power microwave-tube technology. A pulse-transformer was

driven by a pulse-forming network which was discharged by a

hydrogen thyratron. Typical operating parameters were

Vb = 100-200 KV, with 2-20 A of current. Operation over the

entire range from 1 cm to 1 mm was achieved. In the 1 cm -

5 mm region, multi-hundreds of KW were obtained which implied

single-pass, untapered efficiencies in the 10% range. At 3 mm,

the power level was approximately 100 KW, and a few KW were

observed at frequencies as high as 300 GHz.

A second series of experiments was conducted with a beam

formed by a pulse-power generator. The beam was produced on a

cold cathode which terminated a Marx-capacitor-configuration-

driven transmission line. Operation between 150 and 315 Gllz

was demonstrated and tuning of a single resonator from 190 to

315 GHz was observed. At the long-wavelength end of this region

power output was conservatively estimated to be 500 KW and at

UA



3 the shorter end, the levels were in the multi-ten's of KW range.

Below 150 GHz, the pulse-transformer-driven Cerenkov Maser

0operated on the fundamental TM mode of a cylindrical dielectric-operatd on T01a

lined waveguide. In order to compare observed behavior with

theoretical expectation, extensive development of computer

codes for predicting the tuning characteristics and the gain of

these structures was also undertaken. The cylindrical structures

were convenient for mm-wavelength oscillator operation, but at

shorter wavelengths (submm - FIR) and for amplifier operation,

planar structures have some advantages. The latter were not

given extensive experimental tests during the course of this

project, but the theoretical characterization was completed.

Gain and saturation of Cerenkov amplifiers was computed and in

the longer-wavelength end of the mm range, 10-30 db of gain can

be obtained from structures of moderate length (10-20 cm).

Also completed were two sub-projects on the nonlinear

aspects of the Cerenkov Maser. In one, the saturation of the

instability was investigated and in the other, the possibility

of mode-locked operation was investigated. The results of the

first calculations gave output power, predictions which were

generally in accord with experimental observations. During the

second work, the mode-locked operation of a spectrum of plasma

modes was demonstrated and evidence was found for natural mode-

locking of shorter-wavelength Cerenkov oscillations (in the

2-1 mm range). Abstracts of the doctoral dissertations in

which this work is described are contained in Section 2 of this

report.

V



In general, it was demonstrated that Cerenkov sources

are a viable source of coherent, tuanble, high-power radiation

in the mm region of the spectrum. They could have application

in many areas such as extremely intense source development, or

high-power radar or electronic warfare. In the remaining

sections of this report, more detailed summaries of published

work and abstracts of work presented at meetings are included.

Copies of the publications and the dissertations are available

from the Dartmouth College Plasma Physics Library.
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1 2. Degrees earned with the Support of AFOSR Contract 82-0168.

In this section, a list of titles and abstracts of theses
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Dartmouth College
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Physics Department

Wilder Hall

Hanover, N.H. 03755

1. S. Von Laven, Ph.D. (1982).

2. L. Wiencke, A.B. Honors (1983).

1 3. J. Branscum, A.M. (1984).

4. J. Murphy, Ph.D. (1982).

5. M. Abdelkarim, Ph.D. (1984).

6. T. Buller, Ph.D. (1985).

a 7. B. Johnson, Ph.D. (1985).

8. E. Garate, Ph.D. (1985).

9. R. McCowan, Ph.D., (1986).
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of Doctor of Philosophy
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ABSTRACT

II

The interaction of a magnetized electron beam with a slow

guided electromagnetic wave has been studied experimentally.

An electron beam driven, dielectric-lined, cylindrical

waveguide has produced 30-100 kilowatts of coherent radiation

over an octave band on the TM 0 1 mode of the waveguide.

Operation on the TM 02 mode has been realized as well.

Impedance mismatches at the ends of the liner section provide

a reflected signal, which undergoes amplification during

successive passes.

The growth rate of the interaction is calculated, taking

into account the cylindrical geometry of the experiment, for

the collective regime and for the single particle regime. An

estimate of the saturating field amplitude leads to predicted

powers for comparison with experiments.
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I CERENKOV FREE ELECTRON LASERS IN THE INFRARED

U

A Thesis

Submitted to the Faculty

in partial fulfillment of the requirements for the

degree of

Doctor of Philosophy

by

V James Brian Murphy

Dartmouth College

Hanover, New Hampshire 03755

June 1982

Examining. Committee:
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ABSTRACT

We evaluate the Cerenkov free electron laser (CFEL) as

a potential infrared radiation source. The model we

consider consists of a relativistic electron beam grazing

the surface of a single slab dielectric waveguide.

Properties of the resonator such as transverse mode spacing,

scaling of the output frequency with slab thickness and

dielectric constant are examined. We find the single slab

waveguide, with a thickness on the order of the output

wavelength, operating in the TMl mode, to be a suitable

choice as a resonator for a CFEL.

The small signal gain of the device is computed for the

single particle interaction mechanism for the cases of an

infinite and zero magnetic guide field. An examination of

the expression for the gain shows it to be independent of

the dielectric material for operation in the infrared

regime. Although a low dielectric constant (6-2-4) is

desirable as it provides for thicker waveguides capable of

handling higher power outputs. In the mm regime the gain of

the CFEL is enhanced by using materials with moderately high

dielectric constants (E-10-25).

We compared the small signal gain of the CFEL to that

of an undulator device. If one requires the CFEL to use

same high energy beams (1-10-80) as the undulator device,

the undulator offers higher gain. The Cerenkov device has

ii
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the advantage that it can operate at a desired frequency

with a lower energy beam. When this fact is taken into

account the CFEL is the more attractive device.

We estimate the nonlinear saturation based on a

particle trapping model. The losses in the dielectric are

assessed and found not to be prohibitively large. We

conclude that operation of a CFEL in the infrared portion of

the spectrum is a realistic possibility.

iii
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QUASI-OPTICAL TECHNIQUES

AT

MILLIMETER AND SUBMILLIMETER WAVELENGTHS

A Thesis

Submitted in Partial Fulfillment of the

Requirements for the Honors Major

I|

Uby
Lawrence R. Wiencke

DARTMOUTH COLLEGE
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June, 1983

mini Committe

I



kbstract

I At millimeter and submillimeter wavelengths quasi-optical
techniques are useful and practical. This thesis, the result of

Sresearch done in the Dartmouth College Plasma Laboratory,
contains descriptions and analysis of several quasi-optical
devices,which were constructed as diagnostics for a Cerenkov Free
Electron Laser, as well as simply for their own development.

The prism directional coupler, and the prism multiplexer,
based on the principal of frustrated internal reflection,

exhibited a bandwidth, and power handling capability far greater
Sthan that of conventional components. It appears that power and

frequency measurements in the kilowatt range at millimeter
wavelengths could be made using these devices. The directional
coupler was used as a diagnostic on the Cerenkov FEL with good
results.

Several oarallel plate Fabry Perot interferometers were also
S investigated, an interferograms indicating 97 ghz output from the

Cerenkov FEL were obtained.
The prism coupled slab waveguide resonator, like the

directional coupler and multiplexer, was based on the principle
of frustrated internal reflection. This device, having possible
applications as a maser, a diagnostic instrument, and
spectroscopic instrument, provided an interesting method of
studying interactions between millimeter waves and water
droplets. Such was its sensitivity, that evaporation rates of
water films could be measured.
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"NONLINEAR THEORY OF THE CERENKOV MASER"

M. Abdelkarim

Department of Physics & Astronomy
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Hanover, N.H. 07355

Ph.D. Thesis

9 November, 1983
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Abstract

The field components and the dispersion relations for

the two mode types of a partially-filled, rectangular

waveguide are found. Using established techniques to

describe beam-wave interactions in a slow-wave structure, an

electron beam is theoretically introduced into the

resonator, and wave growth is described. Output frequency,

bandwidth, and gain are considered for a Cerenkov FEL using

the rectangular geometry. Finally, It is shown that the

rectangular geometry in the Cerenkov FEL does show promise
LV

for use as a high-power microwave amplifier.

I
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ABSTRACT

The development of a class of mildly relativistic electron beam

driven open resonator oscillators is summarized. The devices are based

on a grating loaded parallel plate waveguide structure which, together

with terminating cylindrical mirrors or a cylindrical mirror/horn

antenna combination, form an open resonator. Electron beam voltages

between 30 and 150 kV and currents between I and 20 A have been used

to achieve 20-30 kW output levels in the 7 mm wavelength range and

approximately 10 kW in the 4 mm region.

Theory describing the operating characteristics of these devices;

small signal gain, tuning range, and saturation levels has been

developed. We will present a detailed summary of the theory and the

results of an extensive series of measurements.
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A13STRACT

A theoretical examination of the operating

Icharacteristics of far infrared wavelength Cerenkov lasers
is presented. The basic features of the device are described

and the dispersion relations of several dielectric loaded

resonators are examined in detail. Emphasis is on planar

resonators which support Gaussian quasi-optical modes. It is

shown that these are particularly well suited for the

operation of electron beam - driven sources at far infrared

and shorter wavelengths. Expressions for the electron beam

-)operating wavelength relation and the small signal gain

behavior of these resonators are developed. The nonlinear

saturation is examined and the available output power is

estimated. A number of practical limitations such as the

effect of dielectric loss are explored, and detailed designs

for far infrared proof-of-principle experiments are

discussed.

I.
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ABSTRACT

A Cerenkov Maser, consisting of a mildly relativistic P
electron beam and a dielectric lined slow waveguide has

produced tunable, coherent radiation of 1-100 KW at p
wavelengths from 2.5 to 3.75 mm corresponding to beam

velocity synchronism with the TM01 mode of the waveguide.

Operation on higher order waveguide modes at frequencies up

to 320 Ghz has produced power levels of 1 watt. Results are

reported of a preliminary set of experiments using two stage

resonant slow wave structures.

The dispersion relation for the TMOn modes of a

partially filled, dielectric lined, cylindrical waveguide

driven by a cold, relativistic electron beam is derived,

including the effect of a gap between the electron beam and

the dielectric liner. The dispersion relation is then used

to derive an expression for the growth rate of the Cerenkov

instability in the tenuous beam, collective limit. Also

presented is an equation for the growth rate in the single

particle limit for cylindrical waveguide geometry.

Expressions are developed for the minimum current necessary

to overcome cavity losses and for the power output of the

Cerenkov maser for both the collective and single particle m

regimes. The results of the calculations for the collective

limit are shown to be in good agreement with the laboratory

measurements.

ii

t~%;%



"GENERAL NONLINEAR MECHANICS OF AN ELECTRON

BEAM DRIVEN MULTIMODE PLASMA SYSTEM"

Robert B. 'McCowan

Department of Physics & Astronomy

Dartmouth College

Hanover, N.H. 03755

Ph.D. Thesis

February, 1986
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Abstract

The general nonlinear behavior of the beam driven multimode system
is examined. The linearized dispersion for a beam plasma is reviewed and the

' 1new features of linear theory needed to explain the behavior for the plasma

with two oppositely directed beams are derived.

The dispersion relation and an extension of van der Pol theory are used

to develop nonlinear amplitude rate equations for the plasma. Where

quantitative comparison is possible agreement between the model and the

experimental behavior is within the expected ranges.

Important qualitative features of the nonlinear multimode system,

• mode locking and entrainment are observed in the model and in the

experiment.

* An apparatus for experimental test of the model was built. The

* .?components of the system included a vacuum vessel, magnets to guide the

electron beam and confine the plasma and an electron gun to provide the

electron beam. Diagnostics used in the experiment were also built and include

probes, a microwave resonance shift cavity and a retarding field energy

analyzer. Data were collected and recorded by single channel

superheterodyne receivers, spectrum analyzers and a Data Precision D6000, a

S. digital waveform acquisition and analysis system. An Apple Macintosh

computer is used to communicate with the D6000 and details of the

communications between the D6000 and the Macintosh are also presented.

-S.
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3. Published Work

This section contains reprints of work published

in refereed journals. It is divided into two main groups:

4work aimed primarily at the potential of Cerenkov devices

in the mm-range of the spectrum (entries 1-41, and work

pertaining to the more general aspects of Cerenkov devices

(entries 5 and 6).

3.1 The Cerenkov Maser at Millimeter Wavelengths.

1. High-Power Cerenkov Maser Oscillator.

1 2. Cerenkov Maser Operation at Lower-Millimeter

Wavelengths.

3. The Cerenkov Maser at Millimeter Wavelengths.

P 4. Cerenkov Maser Operation at 1-2 Mm Wavelengths.

3.2 General Aspects of Cerenkov Masers.

1. Cerenkov Lasers.

2. Space-Charge-Cerenkov and Cyclotron-Cerenkov

Instabilities in an Electron-Beam Dielectric

System.

U44 Ak :,4 A J'.4. %%
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High-power Cerenkov maser oscillator

S. Von Laveri, J. Bransicum, J. Golub, R. Layman, and J. Walsh
DanmltouaJ, Colege. Haawr New Hampshire 03 755

(Received 23 April 1982; accepted for publication 22 June 1982)

An electron beam driven dielectric-lined waveguide has produced 30-100 kW of coherent
radiation over an octave band on the TM0 , mode of the waveguide. Operation of the TM0 2 mode
has been realized as well. Impedance mismatches at the ends of the liner section provide a

reflected signal, which undergoes amplification during successive passes.
PACS numbers: 32.30.Bv, 85. lO.Hy, 42.52. + x, 41.70. + t

Recent experimental work in the production of stimu- or near a dielectric can, in turn, modulate the beam. Some of
latd Crenovradiation has upheld predictions with re- the radiation must be constrained to propagate in the volume

gard to output frequency and determined rough threshold occupied by the beam. The nature of the beam modulation
beam parameters.' New data demonstrate that high power is an axial bunching, which enhances the intensity of subse-
and wide tunability are obtainable through the Cerenkov quent radiation. Beams of sufficient current density, which
interaction. are strongly coupled to the radiation field, will achieve a

The Cerenkov radiation that is generated when a beam growth rate for this Cerenkov instability sufficient to over-
of charged particles passes at superluminal velocity through come the various loss mechanisms. Discussion of the theo-
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FIG. 3. Microwave Output (bottom trace) occurs when the beam velocity

(top trace indicates voltage) is synchronous with one of the axiai modes of

uitb50.e~be~poeraava~atedssuinga.mm the resonating cavity, not necessarily at the peak beam voltage I I /is per

rOG diiio)

0. teu 100 low.0

FIG. 2. Saturotive ouoput andto meaureent IUr +he for 2 velonitrty

•esion diameter The neal behavior of hepower as a function of beam
current for the 2-mm quartz liner is shown in Fig. 2. In a
separate, absolute measurement with the same finer geome-

retial ackroud petaiingto hisdevie hs ben re- try, a 12-A, 1 I15-key beam generated 30 kW of radiation at
sente earler.250 GHz. The power is consistent with the power which

The work described here employs a pulsed. 1-40 A would be produced by a strongly bunched beam In = no

beam of l00-250-keV electrons directed along the axis of a exp[ - i(wt -kz)]J .' Powers up to 100 kW were obtained at
dielectric-lined circular waveguide. The pulse duration is lower frequencies for 3-mm-thick boron nitride in the 12.5

about 4 As. Design details of the electron beam generator mm-diamn waveguide. Power is often sufficient to cause at-
were described in an earlier article.' mospheric breakdown in the X-band waveguide.

The waveguide geometry is such that the lowest order, The range of frequencies obtainable on a single mode
azimuthally symmetric, transverse magnetic modes will has reached nearly an octave. In some of the 12.s-mm-diam
have a large axial electric field amplitude in the beam vol- waveguide experiments and in a 9.5-mm waveguide experi-
ume, even when the phase velocity of the mode is less than c. ment, it has been possible to suppress the TM, mode and
The strength of the Cerenkov interaction is greatest for observe coupling to the TMr mode [Figs. I(c) and (d)].
phase velocities slightly less than the beam velocity. Since Frequencies between 100 and 120 GHz have been attained.
the phase velocity of any of the waveguide modes decreases The power appears to be less than that obtainable on the

with increasing frequency, a favorable scaling law is ob- TM0, mode, but is still significant. Output of still lower ap-
tained for output frequency with respect to beam energy for parent power has been observed through a 200-GHz filter
a given dielectric liner. with the 2-mm quartz liner 12.5-mm waveguide. All the

Quartz (E = 3.78), stycast (e 5), and boron nitride shorter wavelength power measurements are made with I-
fe = 4.2) liners of several thicknesses have been employed. N53 diodes in a Ka band mount. This system is difficult to
Frequency measurements are made with a mechanically calibrate when it is far out of band. The voltage response
driven, free space, Fabry-Perot interferometer. Power mean- generated at these short wavelengths would have corre-
surements are made with calibrated lengths of a lossy mate- sponded to one-tenth to one-quarter of the power measured
rial and either square-law detector diodes or a pyro-electric in the 8-mm region, if the wavelengths had been in the design
energy meter. band of the mount. Hence, the shorter wavelengths the out-

Foralmost every dielectric line usedthe fundamental put power would, at a minimum, be in the l-kW range.
output frequency is near the frequency at which the TM,, The Cerenkov interaction is not continuously tunable
mode is synchronous with the beam. Figures I1(a- I (c) show within a given band in the present experiment. Signals which
the frequencies obtained in a 12.5-mm-diam waveguide. A undergo longitudinal reflections and make many passes
large systematic offset is noted for the case of the 3-mm through the liner section of the waveguide without suffering
( quartz liner. A surface charge buildup on the quartz is sus- destructive interference reach large amplitude, as in a con-
pected of decelerating the beam to velocities synchronous ventional laser. Thus discrete cavity modes are observed
with the observed output. The problem nearly disappears for rather than a continuous waveguide spectrum.
the 2-mm quartz. The longitudinal electric field associated Assume that output is generated when the beam is at its
with the I-mm liner geometry is too weak to give a good peak energy, as in Fig. 3(a). A small increase in the peak
coupling for the beam energy employed. At higher voltages energy which is insufficient to reach synchronism with the
and currents which are necessary, the performance of the adjacent longitudinal mode, often leads to output on the
beam generator is less consistent. Thus, the probability of original mode. However, the output is now generated when
recording a noise-free interferogram, requiring approxima- the beam energy is at its original peak value, earlier or later in

409 Appi . Phys. Lett., Vol. 4? No. 5, 1 September 1982 Von Laven of al, 409
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FIG. 4. (a) Cavity formed by the metal-dielectric and vacuum-dielectric interfaces at the ends of the liner section has a sufficient Q for oscillaton, given the
ih pin of the Cerenko maw. (b) Threshold for oscillation rises for a cavity with lowe Q. The Iowa Qis obtaied with ashort tper at the dowristream ed
of the liner to redue the reflected signal.

the pulse than the new peak, or both earlier and later [Figs. the wavelength is less than the transverse dimension of the
3(b)-3(d)]. guide. Thus, it also shows promise as a lower millimeter and

If the effective reflectivity at either end of the liner sec- submillimeter source.
tion is reduced, a higher beam voltage threshold is observe- Support by AFOSR contract 82-0168 is acknowledged.
d.As shown in Fig. 4(a) a copper liner with transverse dimen- edged.
sions identical to the dielectric liner is positioned to act as
an upstream mirror. A lower reflectivity downstream is pro-
vided by a normal dielectric-vacuum interface. The net re-
flectivity is reduced by removing the copper liner or by ta- 'K. L Felch, K. 0. Busby, R. W. Layman, D. Kapilow, and J. E. Walsh,
pering the downstream inner diameter of the dielectric liner Appl. Phys. Lett. 38, 601 (1981).2J. Walsh, "Stimulated Cerenkov Radiation," in Advances in Electronics
outward. The data in Fig. 4(b) indicate the increased thresh- and Electron Physics (Academic, New York, 1982), Vol. 58.
old due to tapering. A very large current increase could 'D. Wise, Master's thesis, 1981 -available from Dartmouth College,
probably substitute for the voltage increase. However, such a Thayer School of Engineering.
'urrent is not available from our present device. 'S. Von Laven, Ph.D. thesis, 1982-available from Dartmouth College,

Physics Department.In summary, Cerenkov devices are a potentially useful SR. S. Symons and H. R. Jory, "Cyclotron Resonance Devices," in Ad-
member of the family of millimeter wave sources. Peak out- vances in Electronics and Electron Physics (Academic, New York. 19801,
put power at longer wavelengths is comparable to that of Vol. 55.
other sources, such as gyrotrons, - and the peak efficiency 6J. L. Hirshfield, "Gyrotrons," in Infrared and Millimeter Waves (Aca-

demic, New York. 1979), Vol. 1.( 1-10%) is what would be expected for a nonoptimized trav- 'A. A. Andronov, V. A. Flyagin, A. V. Gapanov, A. L. Gol'denberg, M. 1.
eling wave device. It also performs well in the regime where Petelin, V. G. Usov, and V. K. Yulpatov, lnfr. Phys. 18, 385 (1978).
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Cerenkov maser operation at lower-mm wavelengths
E. Garate, R. Cook, P. Heim, R. Layman, and J. Walsh
Department of Physics and Astronomy. Dartmouth College. Hanover, .New Hampshire 03755

(Received 25 September 1984; accepted for publication 2 April 1985)

The basic operating principles of Cerenkov maser oscillators are briefly reviewed and the
experimental performance of a 3-mm device is discussed. A power level of approximately 100 kW
was achieved at 88 GHz and voltage tuning from 84 to 128 GHz on the fundamental TMo, mode
was observed. Operation on higher-order modes at frequencies up to 300-320 GHz was
demonstrated, and a two-stage buncher-amplifier configuration was investigated.

S I. INTRODUCTION E/(e - 1), the synchronous frequency rises rapidly.

Previous experimental work 'I on the generation of sti- In general, smaller transverse liner dimensions or lower

mulated Cerenkov radiation has demonstrated the wide tun- dielectric constants yield higher synchronous frequencies

ability and high-power capabilities of the Cerenkov mase for a fixed beam velocity. When the liner dimensions and
at cm wavelengths. In this work, recent experimental results dielectric constant are fixed, decreasing the beam velocityare presented which (1) verify the dependence of output fre- tunes the synchronous frequency upwards along the disper-

, quency on the transverse geometry of the dielectric liner, (2) sion curve. Its also possible to couple higher-order modes of
demonstrate agreement between the beam threshold param- the waveguide, and in this way, very high frequecies can be
eters and the theoretically predicted and observed threshold obtained. However, the growth rate for the higher-order
for oscillation, and (3) display the wide tunability and high- modes will be smaller than that for th e fundamental.
power capability of the Cerenkov maser in the 3- to 4-mm- It 15 expected that for the transverse liner dimesions
wavelength region. and current densities used in these experiments, the Ceren-

A brief description of the basic features of a Cerenkov kov maser is operating in the collective limit. A complete

maser and a summary of the theoretical results needed to dispersion relation in this regime for the electron-beam-driv-

characterize the experiment are presented in the next s en TMc- mode is found by matching appropriate boundary
tion. Discussions of the principal experimental results and a conditions at the beam-vacuum and vacuum-dielectric inter-

conclusion follow, faces. It can be represented by the expression

ILHOYD [ w,k, ,[(,k)]I = 0, (1a)

II. THEORY which follows from the application of Maxwell's equations,

The general theory of devices based on stimulated Cer- the Lorentz force equation, the continuity equation, and the
enkov radiation has been discussed previously,'- 4 and in this previously cited boundary conditions. The function
section we will present, without derivation, some results 1 o2
needed for interpretation of the experiment. A further de- Xb - (lb)
tailed discussion of the theory of dielectric-lined relativistic 41r 7 kVO)2

electron-beam-driven waveguides will be presented sepa- is the beam susce, ... lity. In writing Eq. (lb), it has been
rately. assumed that the beam is guided by a static axial magnetic

Cerenkov radiation is produced when a charged parti-
cle traveling at superluminal velocities passes through or 60 /

near a dielectric medium." 7 If a resonant structure such as a TM 0 2

dielectrically lined waveguide is driven by a relativistic elec- 50- .
tron beam, the Cerenkov instability causes bunching of the . TM 0 1  -

electron beam in the axial component of a TM.. mode of the 40 / -
waveguide. The frequency of the radiation produced is de- o

termined by the beam velocity and the guide geometry.
The dispersion curve of the TMo, modes of a dielectric- C30 2 r63

lined cylinder have a region where the phase velocity of the
mode is less than the speed of light in vacuo, and in this 3 20 /
region an electron beam can be velocity matched to wave Sc/ Fu

(Fig. 1). In Fig. 1, a conventional plot of angular frequency w) io Synchronous Frequency
(in units cw/c, c is the speed of light) versus guide wave num- / k (E)

ber k is displayed. The frequency synchronism is determined I i
by the condition wick = v0 /c (V. is the beam velocity). It is 0 20 40 60 80 100
also interesting to display this synchronous frequency as a K(nes m
alsounttion to displaey athis schonous inFequc as ae FIG. 1. The dispersion relation ofa dielectric-lined waveguide for TM,,, and

function of beam energy and this is done in Fig. 2. As the TM , waveguide modes. The synchronous frequency is shown for a 150 kV

beam voltage drops toward the Cerenkov threshold, A 2r electron beam.
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FIG. 2. The tuning curve for the TM, and TM.3 modea of& 1/2-mm-thick FIG. 3. The relative growth rate for the TMe, mode of a 1/2-mm-thick
bo'on nitride lned weguidle. The inner radius o(the dielectric liner is 0.24 bort nitride liner with dimenons of Fil. 2. The beam-dielectri gap is the
cm. and the current =10 A. parameter.

field, which is strong enough to render the electron motion an expression for the complex frequency shift
one dimensional. It should also be noted that the susceptibil- 3D/lxi -

ity is linear in the square of the beam plasma frequency

2 4 = -" " (3)

= . (Ic) aD1 °1/a)f.... 73'is obtained. The right-hand side of Eq. (3) contains all of the

(no  the peak beam density, e = the electronic charge, relevant kinematic and geometric information. When dis-
m = the electron rest mass), and depends inversely on the played as a function of beam voltage, it will rise rapidly near

cube of y, the relative energy (y = 1//1 -- vo/c 2 ). the Cerenkov threshold, reach a relative maximum at vol-
Equation (I) is a complicated transcendental function tages between 2 and 3 times the threshold, and then decrease

which, in addition to the variables mentioned, also explicitly slowly as beam energy is further increased. The numerator of
depends on the geometric parameters of the guide and the the first group of terms will also depend upon the gap
beam. In the absence of the beam, the roots of the function between the beam and the dielectric. As the gap increases,

D 10'(a),k) = D (w,k,0) measured in units of gap/Afy, the growth rate decreases.

It will be convenient in the discussion of the experimentdetermine the empty guide dispersion curves which are dis-

played in Figs. I and 2.
A useful representation of the dispersion relation of the

driven system can thus be obtained by first expanding the 00
complete expression around ,yb: O

D=D (+ 3D xb, (2a) R= 25%
19Xb Ib - 0

and then subsequently around the roots of D t: . • 10 -
R=35%

The resulting expression has the form
dD (01 D

r-o Xb, (2b) R-50%

where D ""((0k ,k) = 0, by definition. The second term in Eq.
• " (2b) will be dominated by the double pole in y, and the gain

[the imaginary part of the root of Eq. (2b)] will peak near

kvo = (0. 0.1IDeiig250 200 150 100 50 0
DefiingVoltage NkV)

A = w - kuo , FIG. 4. The current necessary for oscillation threshold. The reflectivities

are R = 0.25, 0.35, 0.50. The beam-dielectc gap is zero. The liner dimen-
= o -- Wk, sions are those of Fig. 2.

628 J. Appl. Pthys., Vol. 58, No. 2,15 July 1985 Garate et al. 628W A.
.'NO%1 I % I .,



tO partially filled guide is approximately one half that of the
TMO, mode. A more significant beam-mode decoupling oc-
curs for small beam-dielectric gaps on the TMo2 mode since

m /the output wavelength is much shorter and the coupling can-
not be maintained at small accelerating voltages.

j/2mm Using the expression for growth rate, it is possible to

"G calculate the minimum current needed to overcome cavity
losses. Oscillation threshold will occur when

>,
Qb QL

where QL is the loaded Q of the cavity. Assuming losses in
the active region are small, we can set

4mrL R 2
0.11 I - R L 1 1
250 200 150 100 50 0

0Vo0Ioge (00 where L is the cavity length and R is the reflectivity of the

FIG. 5. The current necessary for osillation threshold. Beam-dielectric output coupling transition.

gaps are 0, 0.5. and I mm and a reflectivity ofR = 0.5 is asumed. The finer Figures 4 and 5 indicate the threshold current needed to
dimensions are those of Fig. 2. overcome cavity losses for liner dimensions typical of those

used in the experiments. Again, the important feature is the
rapid increase in the threshold current needed as the beam-

to introduce one further definition: dielectric gap increases and the exponential increase in start
I currents near threshold. However, for cavity reflectivities in

_ _ ,(4) the 0. 1-0.5 range and relatively small beam-dielectric gaps
(0. 1-0.5 mm), the threshold current needed to overcome cav-

which is an expression of the relative growth rate in a dimen- ity losses are modest.
sionless form. It is displayed in Fig. 3. In the figure, the
transverse liner dimensions correspond to synchronous fre-
quency of 100 GHz on the TMo, mode at a beam voltage of Ill. EXPERIMENTAL RESULTS

150 kV. The relative growth rate for these linear dimensions A schematic diagram of the electron beam generator
peaks between 150-200 kV. Note that an increase in the and resonator structure is shown in Fig. 6. The cathode used
beam-dielectric gap (relative to output wavelength) results in in these experiments is barium-oxide coated and produces
the expected decrease in the relative growth rate. The rela- current densities of about 10 A/cm2 . The output voltage
tive growth rate also decreases rapidly near the threshold pulse can be varied from 0 to - 300kV. It is 2/us wide at the
voltage, since in this limit the output wavelength A also de- peak voltage and typical repetition rate is 10 Hz. The elec-
creases rapidly and the beam-field coupling cannot be main- tron beam is accelerated from the cathode through a hole in
tained, i.e., the gap/A,By becomes large in this limit. Finally, the molybdenum anode and into the boron nitride-lined
it should be noted that the crossing of the l/Qb curves re- waveguide. An axial magnetic guide field, whose strength
suits from holding the current constant as the gap is in- can be varied between 2.5 and 8 kG, guides the beam through
creased, the interaction region. As the electron beam emerges from

The maximum growth rate for the TMo2 mode of the the lined waveguide it follows diverging magnetic field lines

GUIDE FIELD

OR

BARIUM OXIDE-COATED .- 4- RESONATOR ANDE MICROWAVE DIAGNOSTICS

ATFIG 6 A chematc dagram ofthe elec

Tiron heam generator for the IIrenko%
400KV 3 5 VOLT SEC micro% ae experiment%

ZO2mAS. +21 RATIO-PULSE TRANSFORMER

-OmA: 3 -K 50K T H 2 HEATER
TO L-POWER SUPPLY

TRIGGERA 2 , a
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of the beam generator. In this sequence, boron-nitride-linedr , waveguides are used and threshold currents of as low as 1.5
-_0 .A are obtained. This agrees well with the predicted threshold

HV (kV) currents. The rise and fall times of the pulse are very fast, and
Diode Signal this is consistent with the predicted growth rates, which are

in the range of 4-9 X l0' sec -' for these experimental re-
sults.The frequency tunability of the Cerenkov maser is
clearly demonstrated in Fig. 8. A theoretical plot of the syn-

- ACDiode Signal chronous frequency for the TMo mode is included for com-

parison. The systematic displacement of the data to higher
frequencies at lower energies may result from charging of the

dielectric liner. It is possible that the 1/2-mm-thick liners
Signal used in these experiments intercepted some beam current,

resulting in a bias. Biasing the beam to lower voltages would
result in a higher synchronous frequency. I

Microwave radiation in excess of 300 GHz has also
ebeen observed. These frequencies were determined with a

EIo 7- omlacp tram of the acatn votap utdl the rawtat series of high-pass filters. At these higher frequencies, the
Cmiskovwaiarve pue Data takm a an 3= -oGiz high tm Mutr, estimated power level at the diode junction is only a few

watts, but the losses in the output guide are much higher at

the shorter wavelengths. The transverse liner dimensions
until it is deposited on the waveguide walls. The beam cur- and accelerating voltage give very good agreement with the
rent is monitored by observing the voltage across a I-D resis- observed frequency if operation on the TM~N mode of the
tor to ground. waveguide is assumed. Typical high-frequency pulses are

The microwave radiation produced is guided from the usually very similar to the ones shown in Fig. 8. Occasional-
interaction region through a vacuum window and into a var- ly, however, they show a very regular spiking which may be a

'I iety of diagnostic instruments. Power measurements are result of natural mode locking of the very closely spaced
made using crystal detectors and calibrated pieces of attenu- axial modes.

ating materia. The output frequency measurements are Presented in Figs. 9 through I I are the measured out-

made using a diffraction grating spectrometer, a Fabry- put power for the Cerenkov maser at operating frequencies
Perot interferometer, and high-pass filters. of 80, 88, and 98 GHz, respectively. All the power measure-

A typical pulse sequence is shown in Fig. 7. The micro- ments are taken with high-pass filters in the waveguide, al-
wave output pulse width approaches the voltage pulse width lowing an estimate of the minimum operating frequency.

, ,30 V I /

n - 14-

120 a 12 --

to10-

0 8-

0

0 04

9. 90
'2[1

120 140 160 I80 200 2 4 6 8 to

Accelerating Voltage (NV) Beam Current (Amol

FIG. .Plot of the output microwave frequency, obtained using the diffrac- FIG. 9. Power output as a function of beam current for a fixed accelerating

tion grating spectrometer. as a function of beam voltage. The theoretical voltage of 150 kV. The theoretically predicted power is shown for compart-
plot ofthe synchronous frequency for the TMKI mode is shown for compari- son (see text). The liner is 1/2 mm thick with an inner radius ofO.25 cm All
son The liner is 1/2 mm thick with an inner radius of 0.195 cm. data was taken past a 98-GHz filter.
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£The solid line in Figs. 9, 10, and I1 represents theoreti-
cally predicted power output for the Cerenekov maser. The

30 0 calculation is based on the assumption that the axial compo-
- nent of the electric field grows until it reaches a level which is

sufficient to trap electrons and then ceases to grow further.
The assumption thus yields an estimate for the electric field,
which is a function of the beam parameters and the disper-

320 - sion relation. This is, in turn, used to calculate the stored
energy and the output power. The reflectivity of the cavity

and the beam-dielectric gap are adjusted to fit the observed
threshold currents for each dielectric liner used. Very little
power is detected until the threshold current is reached and

0 above threshold output power increases very rapidly with
beam current. In this operating regime the saturating power

0will depend on I413, where ! is the total beam current. Typi-
cal operating efficiencies are between 1-5% in the 3-4-mm
wavelength region, and efficiencies of 10% at I cm have been

0 a 4 6 a 10 attained.
Boom Current (Amp)

FIG. 10. Poweroutput aunctionofbeancurrentforaixed acelerating IV. TWO-STAGE DEVICES
voltage of 155 MV The liner geometry is that of Fig. 2. All data was taken A slow-wave resonant structure, consisting of a period-
past an 83-OHz filter. ic arrangement of washers, was used to generate power for

testing the diagnostics employed in the experiments. Washer

The observed frequencies agree well with those predicted spacing was 1/2 cm, and the ratio of inner to outer diameter

theoretically for operation on the TM,, mode of the wave- of the washer was 1/2. The slow wave structure alone pro-

guide at the accelerating voltages indicated. duced output pulses between I and 2 ps in duration with

The power measurements are made using calibrated power levels up to I kW. Fundamental output frequency was

pieces of microwave-absorbing material (eccosorb and a 30 GHz, but the output radiation was very rich in harmonic
IN 53 diode in a Ka band mount. The system is calibrated structure and power levels of 10 W at 100 GHz were easily

using 65- and 85-GHz Gunn diodes and a 60-90-GHz sweep detected.

oscillator. The power output of the Gunn diodes and sweep The output power of I kW indicated strong bunching of

oscillator is measured using a thermister mount, which is the electron beam at the radiation wavelengths. This, in turn,
suggested the possibility of using the periodic slow-wave

calibrated for 60-90 G~z. The IN 53 diode response, terrain- structure as a prebuncher for the electron beam and a dielec-
ated into 50D, is measured on an oscilloscope. A sensitivity tric-loaded waveguide as an amplifier. The transverse di-
of 2 mV/mW is a conservative estimate of the diode response mensions of the dielectric liner were chosen to give a syn-
for the 60-90-GHz frequency region. chronous frequency of 30 GHz at 150 kV accelerating

voltage. A schematic diagram of such a two-stage device is

Ishown in Fig. 12.
140_ The main results of the series of experiments performed

-. using two-stage devices are shown in Figs. 13(a)-13(c). The

120_ output pulse width of the single-stage Cerenkov maser using
this relatively thick (1.5 mm) liners is much narrower than

o -the peak voltage pulse width. However, the two-stage reso-
nator always resulted in broader output pulses. The power

" output of the two-stage device was at least as great and fre-
so- quently 15 dB greater than the power output of the single-

&0a- 6o-
Osc Ilator Amplifier

40o
"-/ - e- Beam

20- a0.

- e:a,odC SrruC'wre -Oelec'rc Liner
0 2 4 6 8 10 12 14

Beam Current (Amp) Two Slage System. Schematic

FIG I I Same as Fig. 10 Here, the accelerating voltage is 180 kV All data
waS taken past a1 8O-GH7 filter FIG 12 Schematic diagram of the t%-%tage resonant de% ice
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Nonoptimized operating efficiencies of 1-10% and the capa-
bility of generating radiation at wavelengths less than the

(0) transverse dimensions of the guide indicate the potential of
the device as a source of lower- and submillimeter radiation.

DV(V iode Signal Two-stage devices could be scaled down in transverse
dimnsins o tat heoutput frequencies are an the lower-Im wavelength region. Although no attempt was made to

optimize the two-stage devices, it should possible to obtain
(b) higher operating efficiencies using a two-stage resonator.h

0do Signal
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The Cerenkov Maser at Millimeter Wavelengths
E. P. GARATE AND JOHN E. WALSH

'it

Abstnct-The dispersion relation for the transverse magnetic modes expected that the Cerenkov maser was operating in the
(TM,.) of a partially flled. dielectric-lined, cylindrical waveguide collective regime for these experiments.
driven by a cold relativistic electron beam is derived. The effect of a A theoretical description of the Cerenkov maser in the
gap between the electron beam and the dielectric liner is included. The
dispersion relation is then used to cakulate the growth rate for the Ce- single-particle regime can be found in [7]. It is the goal of
renko, instability in the collective tenuous beam limit. Expressions are the present work to present a similar theoretical descrip-
developed for the minimum current necessary for oscillation threshold tion of the Cerenkov maser in the collective regime. The
and for the power output of the Cerenkoy maser in the collective re- slow waveguide modes evanesce away from the dielectric
*gimae. liner, and a beam-dielectric gap will degrade coupling.

1. INTRODUCTrION Consequently, the effect of such a gap is included in the
theoretical description. Furthermore, the choice of cylin-

T HE COUPLING of a slow-guided electromagnetic drical geometry is used throughout so that a comparison
wave and the slow space-charge mode of an electron can be made between theory and the experimental results

beam can be a source of coherent, tunable, high-power, of [6].
millimeter-wavelength radiation. If a dielectric-lined The organization of the remainder of this work is as
waveguide is used as the resonant slow-wave structure and follows. In Section 11, the linearized fluid and Maxwell's
it is driven by a relativistic electron beam, the resulting equations and the cold-beam approximation are used to
Cerenkov instability can bunch the electron beam and gen- derive the dispersion relation for the TMo. modes of the

6. crate microwave radiation. coupled electron-beam gap dielectric-lined waveguide. In-
Spontaneous Cerenkov radiation is emitted as the dec- cluded is a discussion of the no-beam dispersion relation

tron beam traverses the dielectric-lined waveguide. and the expected scaling of the output frequency with di-
Threshold for the emission occurs when the electron ye- electric-lined dimensions. In Section III, the complete dis-
locity v is greater than the speed of light in the dielectric persion relation is used to derive the growth rate for the
C/,fe (c is the speed of light in vacuum and e is the dielec- Cerenkov interaction in the tenuous beam limit. Expres-
tric constant). The emitted radiation modulates the elec- sions for the oscillation threshold currents and power out-
tron beam which does further work on the radiation am- put for the Cerenkov maser are presented in Sections IV
plitude of one of the transverse magnetic (TM) modes of and V, respectively. A conclusion section follows.
the waveguide (stimulated emission). The frequency is de- 1. DPERSION RELATION

termined by the synchronism between the electron veloc- The solutions r e l a n
ity and the phase velocity of the driven mode [1 (see also The solutions of the linearized fluid and Maxwell's
[21, which contains many references to early work). It is equations for the electric field E and the magnetic field B
possible to couple into all TM modes of the waveguide, are found for a cylindrical waveguide geometry which in-
but the growth rate for successive higher-order modes will cludes a cold electron beam contained by an infinite axial
decrease. magnetic guide field. The assumption of an infinite mag-

In early experiments (31, several megawatts of coherent netic guide field constrains the electron motion to the axial
radiation at 60 GHz were produced using a 750-keV 2-kA direction, which is chosen to be the z axis. In practice, a
electron beam and a dielectric-lined guide. More recently field of 2-3 kG will ensure the accuracy of this approxi-
141-161, the tunability, efficiency, and high-power mation 181. Application of the appropriate boundary con-
capability of a Cerenkov maser in the millimeter-wave- ditions of the displacement vector D and the electric field
length region has been demonstrated. Power levels of E leads to the dispersion relation for the electron-beam
120 kW at 80 GHz at approximately 4-percent efficiency dielectric-lined waveguide system. The only modes con
were recorded [61. Relatively modest repetition-rated ac- sidered in the analysis are azimuthally symmetric modes
celerating voltages (125-200 kV) and beam currents which can axially bunch the electron beam, i.e., TMo.
(20 A) were employed in the latter experiments. However. modes.
the current density (100 A/cm2 ) was large, and thus it is Assuming a plane-wave dependence on axial position z .

and time t, the fields, velocities, charge, and current den-
Manuscript received April I. 1985. revised July 19X This work wa sities can be written as

suppored in part by AFOSR Grant 42 0169 and in part hv ARO ;rant k
DAAG 29 9 1 K 0 19 P 
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GARATE AND WALSH CERENKOV MASER AT MILLIMETER WAVELENGTHS iav
I "0= uo + u(r) e':- where wop is the beam plasma frequency. given by w'

4fne/m. The relationship between EAr) and E.(r) is also

n n,) + n ,(r) e' -  found from Maxwell's equations:

J O= Jo + J , -noevo - efnouv (r) + n)(r)voj e'Er= ik a fr)
E,(r) = - ) ar(7)

where P,. , are the usual unit vectors in cylindrical co- This relationship is needed when applying boundary con-
ordinates and the subscripted field quantities refer to field ditions to arrive at a dispersion relation.
components in the coordinate system. Here u1(r) and ni(r) In the beam and gap region e = I and for slow-wave
are small velocity and density perturbations away from the solutions W2/c2 - k' < 0.
unpertubed velocity and density v0 and no, respectively. Recognizing that the differential equation is Bessel's
The magnitude of the electron charge is e, and k and w equation, the solution for E(r) inside (r < rb) the beam,
denote the wavenumber and angular frequency of the gap and dielectric regions become
mode, respectively. E(r) = Alo(pTr ) (r < r,)

Expressions for nt(r), vu(r), and J1 (r) in terms of the z
component of the electric field result from the continuity E,(r) = BIo(pr)

a0 + V J = 0 (2a) + CKo(pr) (rb < r < a)
ot

-ne (2b) E(r) = D[Jo(qr) Yo(qb)
- Y(=r J-qb]nae<(2bb) (8

and the Lorentz force equations - Yo(qr) Jo(qb)] (a < r < b) (8)

d( mo where the electron beam radius is rb and a, b are the inner
"( = -eE... (3) and outer radii of the dielectric liner, respectively. The
d1i. radial fields follow from the application of (7).

Linearizing and manipulating (2) and (3) yields the The expression T appearing within the argument of Io
expressions in the beam region is the beam (longitudinal) index of re-

SikenGE(r) (4a)fraction:
n(r) nm3y"(kv° - o)- (4a) (I 11P

S - eE(3) l (Wo - kvo)'
-(r) = 3 "o- r ) (4b)

imo3" (kvo - wo) Also not identified are the wavenumbers in the dielectric,
12 q2

N 
2e/c 2 - k2 and p 2  

- , respectively.
J J(r) = o ( ) (4c) The expressions J.(x) and Y,(x) are ordinary Bessel's

myk - w) functions of order n of the first and second kind, respec-

where -yo is the usual relativistic factor, yo (1 - tively; l4(x) and K(x) are modified Bessel's functions of
N vg/c2) - , and is the electron rest mass. the first and second kind, respectively. Use has been made
- Sgrof the boundary condition at the metallic guide E.(r =

Substituting these expressions into Maxwell's equations b) = 0 in writing (8).
(neglecting the static fields) Applying the boundary conditions of continuity for the

-4rnI(r)e longitudinal electric field and radial component of the dis-
Eplacement vector at the beam-vacuum and vacuum-die-

, 0lectric interfaces yields the following dispersion relation
,0 [9] for the beam gap dielectric-waveguide system:

c at D(u. v, w, x, y) = - - sn(u, ) SH(w. 0) CH(x, Y)
p

V x B= - + - -- (5)
c C at + - cs(u, 0) CH(w. 0) ch(r, v)q

and manipulating the two curl equations results in the fol- Snu. v)
lowing differential equation for E(r): + - CH(w. 0) SHrv. y)~P

-.( r -? + - k2) ( -- _ k0o)) - Tcs(u, v) SH(w, 0) sh.r, v) 0
x E.(r) =0 (6) (9)
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whereu = qav = qb, x = prb,y = pa, and w = pTrb. 60

The radial trigonometric and hyperbolic functions are de- - ro
fined as follows: 50 /

,.sn(u, v) =-[Jo(v) Yo(U) - Y(U) J(u)]  "40o _ // T/// o" -/ - -

2V - -MO

cs(u, u) ( J1 (u) - J o(u) Y4(u)] 0 /

SH(x, y) = y[f(y) K (x) - Kl(y) I (x)] 20 - .01 c2 0

CH(x, y) = yIIf(y) Ko(x) - l(x) Ko(y)] Synchronous Frequency

sh(x, y) = y[lo(y) Ko(x) - lo(x) Ko(y)] Z (E)

ch(x, y) = y(Ko(y) 10(x) + lo(y) Kf(x)]. (10) 0 20 40 60 80 too
K (inverse cm)

III. THE LIMIT OF ZERO BEAM DENSITY Fig. 1. Dispersion curve for a dielectric cylindrical waveguide. Shown are
Tthe TMo, and TM02 waveguide modes. The expected output frequency is
The expression for the no-beam dielectric-lined wave- given by the intersection between the beam dispersion (shown for

guide dispersion results if 2 = 0: w/ck = 0.63) and the waveguide dispersion curves.

D - SH(y, 0) sn(u, v)
P 300.

- CH(y, 0) cs(u, v) 0. 0I1) I

S200
Also, in the limit of no-beam-dielectric gap, i.e., rb -

a, the dispersion relation becomes .

D =- SH(j, 0) sn(u, u)• .P TMoI

+ - cs(u, v) CH(j, 0) 0 (12) 0 200 300 400 500 600
1q 10O0 200 300 400 500 600

Accelerating Voltage (kV)

wherej pTa. Fig. 2. Voltage tuning curves (It) for the first two TM modes of a cylin-

Both of these expressions agree with those in [10] for drical dielectric liner of 0.57 mm thickness. The inner radius is 0.241 cm

the appropriate limit. The output radiation frequency is and the dielectric is boron nitride (E = 4.2).

approximately the frequency for which electron beam and
%phase velocity are in synchronism w = kvo, thus the so- Ez(r)

lutions of the no-beam dispersion relation give the ex-
pected operating frequency of the Cerenkov maser for a
given electron velocity (in the limit p << w).

Certain characteristics of a Cerenkov maser can be in- /a b F

ferred from Figs. I to 3. Shown in Figs. I and 2 are typ- .
ical dispersion and voltage tuning curves. The Cerenkov
maser is voltage tunable. As the beam velocity increases
from threshold, the point of synchronism moves down
along the dispersion curve, lowering the operating fre- ""unching"

,*- quency of the device. Also, for a fixed beam velocity, low- ^ , b,
ering the dielectric constant, decreasing the liner thick-
ness. or decreasing the transverse dimensions of the
Swaveguide results in a higher operating frequency. This FI 3 The assumed conhguration of a millimeter.waelerngth clindrical

SraeCerenkom maser The axial held component ot the TM mode is esane-

occurs because the cutoff frequency of the waveguide is cent in the beam channel region, and drops from a peak at the inner liner

increased. In general, short-wavelength operation can be radius u to cro at the guide radius h

achieved by using small transverse dimensions for the
* waveguide and thin dielectric tubes of low permittivity as The experiments of 141-161 indicate that the agreement

liners. The relation of axial electric field E. and waveguide between the theoretically predicted tuning curves for a
geometry is illustrated in Fig. 3. large range of liner thicknesses and dielectric constant isN

- . A 1.0 %-
All.,
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very good. This is the case for both the fundamenal and e.1!0'1 ' 'i''

harmonic modes of the waveguide. -

III. LINEAR GROWTH RAT9

Calculation of the growth rate in the collective regime
proceeds from the dispersion relation for the lined wave- No Gop

guide-coupled system (9). Expanding the complete dis- -6..9- /1
persion relation around the root of the empty waveguide.
dispersion function, and the electron susceptibility

2 2o4e+9- mr

4-A- 3o_ ku0 )
2

yields an algebraic equation for the complex frequency
shift induced by the beam. The imaginary part of the shift
determines the growth rate of the mode. Maximum growth
occurs near synchronism (w = kuo = wok, where wok is 0 200 400 600 oo 1000
the solution of the dispersion relation of the empty guide). Accelerating Voltage (kV)

The formal expansion of the dispersion relation takes Fig. 4. The growth rate for the TMo, mode in the collective regime with

the form beam-dielectric gap as the parameter. The electron density is adjusted to
give 10-A beam current at 150 kV.The liner geometry is that of Fig. 2.

% aD(u, v-)
h ~ u, v, x, y) =D(w, ko) + (W- k WO aAaD

aD (w - - = y(W _DlWok

•~a "._0 1 2 [ +
toarbc'sn(u, v) CH(y, 0) ;i

where D(wo0, ko) = 0 is the dispersion relation in the ab- = 2yt~oaL(u, v, y, ) SH(y, 0) no
sence of the beam. Straightforward but lengthy manipu-

lation of the no-beam dispersion relation for the dielectric- (17)
lined waveguide and identities involving the radial trig- Invoking synchronism, the frequency shift and linear
onometric functions results in the following expressions: growth rate are:

aD ookSH(Y' 0) L(u, v. v, (13) Re (w - wOk) = 2

and
where5

[~,V ,b2Es%.v (2 / + E growth rate 2 j(w -,k,

Iu vcsu U. p) p- q-u v
,) Laqpcu, ) (p q/ where

+ aCH(y, 0) (3 'r,1c4sn(u, v) CH(v, 0)

SH(vy 0) p. 14 - 'J = I WL(u. v. Y. E) SH(y. 0) ,)

y. and (18)

D __,r_ The real part of the frequency shift is negative, which
, 2y~p CHv, 0) sn(u. vL - (15)

a" " n,, is expected since the beam velocity must be slightly larger
than the phase velocity of the mode for the interaction to

where n/no is defined by occur. Also, since the growth rate in the collective regime
depends on w . the beam current dependence is/ 3 This

, 1 E. is to be compared to the linear dependence of the growth
-- CH (1. 0) - SH2x. 0) rate on beam current in the single-particle regime [7].

no CH 2(y, 0) nAh lE-.,. Referring to Fig. 4. note that the growth rate decreases
e iexponentially near the threshold voltage and peaks at largerThe integral is over the cross-sectional area of the beam accelerating voltages for increasing beam-dielectric gaps.

A , and (E ),,f is an axial reference value, here chosen at aclrtn otgsfricesn emdeeti as
A~ ad ~ is a axal rferncevalu, hre cose atThis results from the effective density n/n) in the expres-

the dielectric-vacuum interface. The expression for effec- sion for the growth rate. Writing the effective density as

tive density appears naturally in the solution.

After collecting terms, the expression for a cubic equa- i CH(x, 0) - SH(.r. 0) 12(prh) - Ij(prh)
tion results: no CH2 (y. 0) I)(pa) (19)

*A 7.!
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58 e+9 I mm
//mm

6e E NoGp

2 4 e+9L-

2 e+9- 0.1 -- I I

250 200 150 100 50 0
Voltage (kV)

0 0 4 0 8 b Fig. 6. The threshold currents necessary for oscillation in the collective
Acceler0ting Vot0e V) limit with beatn-dielectric gap as the parameter. The rcflectivity is 50

ceanVt (Vpercent and the liner geometry is that of Fig. 2.

Fig. 5 The grt.wih rate for the TM51 mode with liner thickness as the pa-
rameter. The inner radius of the liner is held constant at 0.241 cm. Beam

density is that of Fig. 4. and there is no beam-diclectric gap. The strength of the electron beam-waveguide mode in-
'I , teraction can be described in terms of a beam-quality fac-

and using prb >> 1. then tor Qb defined by:

• [ 2rd1  1
t',5 -- -- exp Q =

noQt 
wea

where d = (a - r,) is the beam-dielectric gap, and the where & is the energy stored in the radiation fields. Using
assumption w= kouo is employed. Since the operating a/at = 2A&, this may be written as llQb = 2A/w. Os-

wavelength X approaches zero at the threshold voltage, the cillation occurs when the energy lost by the electron beam,

growth rate decreases exponentially. An increase in beam- per pass, is greater than the energy coupled out of the
"dielectric gap requires an increase in X 3, to ensure good cavity. Expressing this in terms of the cavity quality factor

beam-mode coupling. The important result, Xjy - d for Q,, oscillation threshold occurs for

good coupling, has been previously derived for the single- I 2A 1
particle limit [7]. Although not indicated in Fig. 4, the = = Q. (20)

growth rate approaches zero for/0 -- 1. This occurs be-

cause the increase in the relativistic mass of the electrons The output coupling Q of the cavity [12], neglecting at-
makes bunching more difficult. This limit is not important tenuation losses, is
in devices designed for millimeter-wavelength operation, 1 X _
but it becomes a factor in far-infrared Cerenkov laser de- .. (21)
sign [11]. Q 4irL\R 2

The above characteristics of the growth rate do not de- where R and L are the cavity reflectivity and length, re-
pend on the specific dimensions of the dielectric liner. spectively.
However, the magnitude of the growth rate and the accel- Combining (18), (20), and (21), the threshold current is
erating voltage at which the growth rate peaks do depend given by the following expression:

- ."on the transverse dimensions. Fig. 5 shows the growth
rate for two different liner dimensions. These are chosen , = 1 ( X [1 -,R2]'\

to coincide with those used in [41-[6]. It should be noted T873 4L R2

that the device with the thinner liner will operate at a
higher frequency so long as the gap parameter (2rd/ X3-y) X \ 4_Y, - -aSH(. 0) 2

X 11L(ua. v. (22)
remains small ( < 1). ,pc n/nosn(u, v) CH(y, 0)!

IV. THE OSCILLATION THRESHOLD CURRENTS where /0 = mc 3/e = 17 kA.

The minimum current needed for oscillation threshold The general features of this expression are exhibited in
in the collective regime depends on the growth rate. In the Fig. 6. The exponential increase in current needed to

- present discussion, only the output coupling losses oif the achieve oscillation near the Cerenkov threshold voltage and

resonanl cavity are taken into account. Ahsorptmon losses the rapid increase in the starting current for decreasing
in the dielectric at millimeter wavelengths are assumed electron energy result from the decreasing growth rate,

negligible. discussed in the previous section. Also. as expected, an01
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100 1 250

R-25%

200 No Gap

10
R-35%

R-50% 3
a- 1*00-

- 50- 
1/2mm

-50 -

250 200 I15 100 50 0
Voltage (kV)

Fig. 7. The variatio of threholdcurrent with reflectivity. The parameters I 2 4 6 8 10 2 14

am the same as those of Figs. 2 and 6 and the beam-dielectric gap is Boom Current (Amp)
zero Fig. 8. The effect of the beam-dielectric gap on power output. The liner

geometry is that of Fig. 2, the reflectivity is 50 percent, and the accel-

increase in cavity reflectivity will decrease the beam cur- erating voltage is 180 kW. The output frequency is approximately 80 GHz

rent needed for oscillation. This is illustrated in Fig. 7. (see tuning curve, Fig. 2).

Finally, it should be noted that the predicted thresholdcurrents, shown in the above figures, agree well with the it is possible to estimate the power output at saturation.
r re i t Note that apart from the nonlinear term in the above equa-

experimentally observed start currents in [6]. tion, the rate of change of the axial field with time is due

V: PowER OUTPUT to the growth rate of the interaction A and the rate at which
The time-averaged Poynting flux is used to calculate the energy is coupled out of the cavity a/Q,.At saturation, aA/at = 0, therefore

power output of the Cerenkov maser in the collective re- Asaration,(/0te

gime. The power A2 = 2MAY I (27)

w hte [Re (ZE) x Re (T)]" dA (23) where (/2AQ: = (,/l)113 has been used. Neglecting the
4cavity loss term (I1ll)I"3, this would be the expression, to

where d4 is the cross-sectional area of the resonator and within a factor of unity, that results from 100-percent
r is the period of oscillation of the fields. Recognizing that bunching, i.e., n( = no in (4a) (A = ,'2 Jkvo - I X.

only the radial part of the electric field E,(r) will contrib- Because of the dependence of the saturated field onpar
ute to the result and using Maxwell's equations to relate growth rate, the power output of the Cerenkov maser, for
Be(r) to E,(r) yields a fixed electron-beam energy and for beam currents much

larger than the threshold current, will depend on the cur-
(24) rent to the fourth-thirds power 1413 (see (25)). Further-

k =more, because of the 14'3 dependence, small beam-dielec-

and the time-averaged power output becomes tric gaps can have a significant effect on the power output
of the device. This is clearly demonstrated in Fig. 8. The

kw 1 2 pl UL + operating efficiency for a device with liner dimensions of
P = 4" A 2 2 the previous figure is shown in Fig. 9. The increase of

a) efficiency with beam current will ultimately be limited by

2p CH(y 0) Adjustment of the cavity reflectivity and beam-dielec-

a SH(y, 0) ( 1 b(5 tric gap can result in a very rapid rise in predicted power
p CH(y, 0) 2q2sn(U, V) (25) output near the threshold current (Fig. 10). The magni-p CH(y, 0) 2q , I. tude of the predicted power output and the rapid rise near

The boundary conditions on the displacement vector and threshold again agree well with the experimentally ob-
(7) have been used to relate the radial field amplitude, served power output of 16]. It is also interesting to note

Using the following corrected orbit rate equation [131 that this elementary model-based estimate is in substantial
for the longitudinal field amplitude A (an analytic approx- agreement with a rigorous particle-code simulation (141]
imation to trapping) VI. CONCLUSIONS

8A 2A, + Ae  A + - A = 0 (26) A theoretical description of the Cerenkov maser oper-

at Q ating in the high-gain collective regime has been devel-

!
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0.25 1 1 is increased arbitrarily, the tenuous beam approximation,
i.e., X «< 1, will not be applicable. In this case, a nu-
merical solution to the complete dispersion relation pre-

o 20 -sented in Section II will be necessary. Even if this limit is
reached, the qualitative features of the interaction will re-
main the same.

o 15 -Finally, it should be mentioned that in order to have
C0 better estimates of the saturated field amplitude, a com-

plete nonlinear theory of the Cerenkov instability must be
W 0.10-presented. This work is in progress. In spite of the qual-

itative nature of the nonlinear theory, the agreement with
experimental observation is satisfactory.
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The interactic- of a dense (n - 10' cm '), mildly relativistic ( 1.8 < y< 3) electron beam and a
cylindrical, dielectric lined waveguide has produced tunable microwave radiation in the 150-310
GHz frequency range with an estimated power output of 500 kW at 150 GHz and 10 kW at 310
GHz. The measured output frequency agrees well with the frequency for which the phase velocity
of the TMu, mode of the dielectric lined guide is synchronous with the electron beam velocity.

Previous experimental results' on the generation of The frequency of the radiation emitted is determined by the
stimulated Cerenkov radiation have demonstrated the wide beam velocity, the transverse dimensions of the dielectric
tunability and high power capability of Cerenkov masers at liner, and the dielectric constant e of the liner material, In
centimeter and lower millimeter wavelengths. The cited general, the emitted radiation frequency increases for de-
works have also verified the dependence of output frequency creasing dielectric liner thickness and/or decreasing dielec-
on the transverse dimensions of the dielectric liner and dem- tric constant. For fixed dielectric liner dimensions lowering
onstrated agreement between the theoretically predicted and the electron beam accelerating voltage increases the frequen-
the observed beam threshold parameters for threshold oscil- cy of the emitted radiation. Also, because the axial electric
lation. In the work reported here, experimental results are field evanesces into the beam region, any beam-dielectric gap
presented which further verify the output frequency depen- will degrade coupling. However, good coupling can be main-
dence on the transverse dimensions of the dielectric liner and tained if gap/A,r-y I (Ref. 4), where A is the radiation
display the wide tunability and high power capability of the wavelength, f is the electron beam velocity divided by the
Cerenkov maser in the 1-2 mm wavelength region. speed of light in a vacuum, and y is the usual relativistic

Cerenkov radiation is produced when a charged particle factor.
traveling at superluminal velocities passes through or near a Since the minimum beam velocity needed for the inter-
dielectric medium. If a resonant slow wave structure, such as action to occur is given by fl2 = l/ and because low dielec-
a dielectric lined waveguide, is driven by a relativistic elec- tric constants result in higher output frequencies, relatively
tron beam. the Cerenkov instability causes bunching of the large accelerating voltages ( > 200 kV for e = 2) are needed
electron beam by the axial electric field component of a for operation in the 1-2 mm wavelength range. The advan-
TM) mode of the waveguide. For an electron beam that is tage of relatively large accelerating voltages is that good cou-
strongly coupled to the radiation field, the growth rate for pling between the electron beam and the driven waveguide
the Cerenkov instability can be sufficient to overcome the mode results. A discussion of the theory of devices based on
various loss mechanisms and stimulated emission occurs. stimulated Cerenkov radiation and a more detailed discus-
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'mion of the theory ofcNlzndrtcaI. dielectric lined. reiatit'itc is shown in Fig. 2. OccasionallN. the output pulse width ap-
electron beam driven ,a~eguide, his been presented pre- proachc, the voltage pi,le %width of the beam generator.
vously Figures 3 and 4 show the result' of the measurement of

In this work. the electron beam i generated .s a Ph,sic', frequency emission. using the grating spectrometer. as a
International I I0A capable of producing accelerating %oA- function of the electron accelerating voltage Independent
tages between 4WikV and 1 5 MV with apulseduration ol'2( verification of aminimum operating Crequenc% %vas obtained
ns. Figure I shows the diode configuration. experimental h% using high-pass filters with cutoffs of 1l00. 150. and 300
geometry, and the solettoid which is used to confine and GHz. The solid line in the figures is the theoretical plot of the
guide the electron beam into the resonant interaction region. frequency for which the TM, mode phase %elocit, is s n-
The cathode is hemispherical with a radius of curvature of 3 chronous with the electron beam velocity. The output Ire-
cm and is separated from the concave anode, which has a 6- quency is voltage tunable over a very wide range and the
mm-diam aperture, by 8-10 mm. Both the anode and cath- measured frequency agrees very well with the theoretically
ode are made of graphite. The cathode is placed 25 cm into calculated output frequency.
the solenoid which is capable of generating a continuously In the results of Refs. 1-3 there is a systematic displace-
variable, pulsed magnetic guide field up to 13 kG. This diode ment of the data to frequencies higher than those predicted
geometry can produce 1.4 kA of guide current at 1.2 MV. by the theory which does not appear in the present work.

The cylindrical dielectric lined waveguide is positioned This is most likely due to interception of some of the beam
25 cm downstream from the anode and is centered inside a current by the dielectric liner resulting in a bias voltage.larger stainless-steel guide. The smaller waveguide is electri- Biasing the beam to lower voltages would result in higher

*, cally connected to the larger guide which serves as the beam synchronous frequencies. Because of the modest accelerat-
return to ground. Because the inner radius of the dielectric ing voltages ( 100-200 kV) used in the previous experiments
liners used was between I and 2 mm, a graphite plug was even a small bias voltage of 10 kV would appreciably affect
placed immediately before the dielectric lined waveguide to the output frequency. The dielectric liners used in the above
collimate the electron beam. experiments could support at least 20 kV bias voltage before

The microwave radiation produced is guided from the dielectric breakdown occurred.
interaction region through a lens-shaped Teflon vacuum A measurement of the power output of the Cerenkov
window into free space. A diffraction grating spectrometer, maser in the 150-200 GHz (Fig. 4) frequency range was
calibrated to operate in the 50-350 GHz frequency range, is made by placing a 4-mm detector horn a distance of 6 m
placed a distance of up to 2 m away from the vacuum win- away from the vacuum window. Referring to Fig. 5. several
dow. A pulse sequence from the grating spectrometer output checks were made to be sure that the signal detected by the

I N53 diode used to estimate the power output was not due to
reflection or noise produced by the voltage generator. For

Hig Vexample, if the mirror was rotated, no signal was detected byHigh Voltage the primary detection diode but a signal was detected by the

' secondary diode. Also, placing a piece of aluminum foil over
125 the vacuum window resulted in no signal at either of the

detection diodes. The estimate of the power output is made
by calculating the power incident on the detector based on

Zons the power response of the I N53 diode in an 8-mm wide band
9m mount and by calculating the solid angle subtended by the 4-

Spectreter Signal
350

High Voltage 0

Z0ns 150

J- 0.2 04 06 08 1 0 '2
Accelerating Voltage (MV)

FIG. 3 Plot ofthe iuiput micro j' c'rc'uci . a .,t ,e ti, , wn, li uh-
+ 
c'.i., t r, I

Spectrometer S ignalm a ,.eleraiitg wltage The i heoreti'il ol phi, i lit -nti hr,'i-,, tirtquel,

i~vf,'r the TM.,, mde if the diele .i lined t.cLuld i, 'hoga i ,,r i'n
parion. The dielectric liner i% I r mm thlCk .. ith in tnr rjdiu. ,,I I hm

FIG 2. Owcitlocop trace%' of the eleviron heam .ji. hr,,in siti ht. ige .ind The liner i made f Teflon .%d i,,ir d m lnsi rhe c. iInilltt i rr tir,
the re-ultant spectrometer output appear in the lower left-hand ,jirn.r
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Accelerating Voltage (MV)
TN53 VOcuum Window

FIG 4. Same as Fig. 3. Here, the liner is 1/4 mm thick with an inner radius Maas 100 Gz (Teflon)
of 1.75 mm. The liner is made of polyethylene and is 50 cm long. High Pass Filter

FIG. 5. Schematic diagram of the method used to measure the power output

mm horn. Using this method, the power output of the Ceren- of the Cerenkov maser of Fig. 4.

kov maser was 500 kW at 150 GHz and 40 kW at 200 GHz. meter wavelength radiation. Although the efficiencies for
All these measurements were taken past a 100-GHz high microwave production of the devices reported here are low,
pass filter. Calculations of the growth rate for the Cerenkov they are not unreasonable for an unoptimized super-radiant
maser of Fig. 4 operating in the collective, tenuous beam amplifier. Also, based on the data from the Cerenkov maser
limit indicate that the power has undergone between 6 and 8 of Fig. 3, the quality of the beam generated in these experi-
e foldings during the beam transit down the resonator. Even ments is high enough to be used as a beam source for a Ceren-
modest amounts of reflectivity at the ends of the dielectric kov maser with 500pum wavelength radiation produced at I-
liner could lead to the large power outputs measured. 1.2 MV accelerating voltages. An experiment of this kind is

After the power measurements were made, the current currently being pursued.
through the dielectric tube was measured using a 50-mfl This work was supported in part by Direction de Re-

Faraday cup. At an accelerating voltage of I MV (f-iO cherche Experimentale et Thwsoretique Contract 83-515/85-

GHz) the current measured was 150 A and at 550 kV 009, U.S. Army Research Office contract DAAG29-85-K-

( f- 200 GHz) the current measured was 60 A. This yields 0176, and Air Force Office of Scientific Research contract

efficiencies of 0.33% and 0.12% for microwave production 82-0168.

at 150 and 200 GHz, respectively.

The estimate of the power output for the Cerenkov ma-
ser of Fig. 3 is 10 kW at 310 GHz. This is based on the K L. Felch, K. 0. Busby, R. W. Layman, D. Kapilow, andJ. E. Walsh.
detection threshold of the spectrometer used to measure the Appl. Phys. Lett. 38. 601 (1981).
frequency of the microwave emissions. The signal detected 'S. Von Laven. ). Branscum, 1. Golub, R. Layman, and J. Walsh, Appl.
by the spectrometer was at least a factor of 2 greater than the Phys. Lett. 41, 408 (1982).s e'E. Garate. R. Cook, P. Heim. R. Layman, and J. Walsh, J. AppI. Phys. 58.
noise, so this represents a conservative estimate of the power 627 (1985).

output. The current measured through the dielectric liner of 'E. P. Garate and 3. Walsh. IEEE Trans. Plasma Science PS-13. 524

Fig. 3 at an accelerating voltage of 410 kV (f-310 GHz) (1985).
was 20 A, yielding an efficiency of 0.12%. '1. Walsh, in Physics of Quartum Electronics, edited by S. Jacobs (Addison

Wesley, Reading, MA, 1980). Vol. 7. pp. 255-300.

In conclusion, Cerenkov masers can be useful devices '1. Walsh, inddvances in Electronicsand Electron Physics (Academic. New
for generating tunable, high-power millimeter and submilli- York, 1982), Vol. 58, pp. 271-310.
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CERENKOV LASERS*

J. WIlsh, B. Johnson, E. Garate, R. Cook, J. Murphy and P. Hein

Depmartmnt of Plyaice and Astronmy, Darbruth College, Hmover, N.H. 03755,
U.S.A.

Abstract.-

A Cerenkov laser consists of an electron beam, a dielectric

resonator, and suitable output coupling optics I
. The beam may

pass directly through the dielectric at greater-than-light

speed for that medium, in which case it will emit spontaneous

Cerenkov radiation. If, in addition, there are mirrors forming

an optical cavity, the reflected radiation stimulates further

Cerenkov emission, and gain can result. In order to achieve

gain, however, the beam velocity spread must be kept very low

and hence in this most elementary case a gaseous dielectric

and a highly energetic beam is needed. The Cerenkov thres-

hold energy YT expressed in terms of the index of refraction

* n is given by:

YT  - n/ /n" -

When typical gasses at moderate pressure are considered, YT

will range between 20 and 200.

It is also possible to propagate a beam through a channel

or near tu the surface of a dielectric. In this case the

threshold energy is greatly reduced. Substantial power in the

lower mm wavelength range can be obtained from devices driven

v .~ by beams in the 100-200 KV range.

*Supported in part by the Air Force Office of Scientific Research,
_i the Army Research Office, and the Office of Naval Research.
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If the beam energy is increased, a device of this kind

may also be useful at much shorter wavelengths. This follows

from two basic considerations. The first is the scale length

of the region over which the fields slowed by the dielectric

resonator evanesce. It can be shown on very general terms

that this is governed by:

X,1y ui' b

where b is the scale length of the order of the beam diameter

1and beam-wave velocity synchronism is assumed. When b is

a fraction of a millimeter, By in the 2-20 range place A in

the far infrared part of the spectrum.

In calculating the gain in the short wavelength region, a

non-collective approach may be adopted. A field with a

component directed along the beam is assumed to exist. This

produces a modulation current and the stimulated emission is

the result of the work done by the beam back on the field. It

is most convenient to express this as a reciprocal quality factor

Qb -- 2E -Ed V
= fbeam

where f is the energy stored in the whole resonator, E and

are the electric field and the modulation current, and w is

ILA the angular frequency of the emitted radiatin. When INQb  0,

gain is positive.
The gain expression can be placed in a relatively general

form. If we assume that the beam may be regarded as monoener-

getic at the wavelength of interest (A > L6y/(3y) 3 , L-resonator

length) we can show:

I'I ,
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L IEzI (1 - cos()

-'b (0-(( Y o  a no  e 2

where 8 - (kv-w)L/v is the relative transit angle, and current,

I, have been measured in units of 10 " ec/r o (r o - 2/mc 2 ).

The terms in the expression which involve the field component

in the beam direction and the stored energy are of the order

of L2 /mode areas timas a factor which is specifically dependent

on the resonator. In addition, an effective relative beam

density 5/n ° is obtained from the transverse dependence of the

fields. Typical designs for short wavelength devices and the

results of recent experiments will be discussed.

-p
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Space-charge-Cerenkov and cyclotron-Cerenkov instabilities in an electron-
beam dielectric system

William B. Case and Robert D. Kaplan
Grinnell College. Grinnell. Iowa 50112

John E. Golub and John E. Walsh
Dartmouth College. Hanover. New Hampshire 03 755

(Received 6 June 1983; accepted for publication 21 December 1983)

A relativistic electron beam propagating along a constant magnetic field has four normal modes:
the slow and fast space charge and the slow and fast cyclotron modes. When propagating through
a dielectric where the beam velocity is greater than the velocity of light in the dielectric, the slow
modes may become unstable. We call these the space-charge-Cerenkov and cyclotron-Cerenkov
instabilities. In this paper we use the cold fluid model in the small signal limit to obtain a general
dispersion relation for propagation at an arbitrary direction with respect to the magnetic guide
field. This describes both of the above instabilities as special cases. This result is then generalized
to include the effects of a thermal spread. Implications for possible application for generation or
amplification of microwaves, where the beam passes near the dielectric, are also considered. We
conclude that the cyclotron-Cerenkov instability is a strong candidate for the short wavelength
microwave regime.

PACS numbers: 41.70. + t, 52.35.Py, 52.60. + h, 85.10.Ka

I. INTRODUCTION unit vector in the z direction, passes through the medium.

A relativistic electron beam propagating along a con- We treat the beam as an infinite, cold plasma of electrons

stant magnetic field has four normal modes of oscillation.' neutralized by a fixed ion background. Finally, we introduce

Two of these are longitudinal oscillations and do not depend an electromagnetic wave propagating through the beam-di-

on the presence of an external field. These are negative ener- electric system at some angle 0 to the z axis. The electric and

gy (or slow) and positive energy (or fast) space-charge waves, magnetic fields associated with the wave are treated as per-

The two remaining normal modes are transverse in charac- turbations to the system. We use a linearized, cold fluid the-

ter and do depend on the applied magnetic field. These are ory and consider the small signal limit. The system is shown

the slow and fast cyclotron waves. All modes are shown in in Fig. 2.

;~.. Fig. 1.
For propagation in the vacuum, all four modes are sta-

ble. If the electron beam propagates through a dielectric me- U)
dium, however, a slow wave may become unstable. Exten-
sive theory has been developed to describe the exponential
growth of the slow space-charge wave."~ Such growths oc-
cur only for beam velocities greater than the speed of light in
the dielectric, and are therefore called Cerenkov instabilities.

In this paper we present a general theory which de-
scribes both the space-charge and cyclotron interactions. A
derivation of the general dispersion relation is given in Sec.
II, excitation of the slow space-charge wave is discussed in
Sec. III, and a similar discussion of the slow cyclotron 7 is k,. i
given in Sec. IV. The special case of excitation of waves for
an unmagnetized beam is presented in Sec. V. A warm beam
version of this analysis is presented in Sec. VI. Finally, a
comparison and discussion of implications for physical sys- CIO
tems, where the beam cannot pass through the dielectric, is
given in Sec. VII.

i II. DERIVATION OF THE GENERAL DISPERSION
RELATION

We consider an infinite, isotropic medium character-
. ized by a dielectric constant c. The dielectric is immersed in a

constant magnetic field B, which we take to be along the z
axis. An electron beam with velocity v = vo,, where , is the FIG. I. Normal modes of an electron beam in a magnetic, guide field.

1261 J. Appl. Phys. 55 (7). 1 April 1984 0021-8979/84/072651-08$02.40 0c 1984 American Institute of Physics 2651
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*,here. = W A. ,, is the frequency shift due to the zeroth

order heam motion k = k. .- Ne, is the wave vector and
is taien. without loss of generality, to lie in the x-z plane.

.)undar, conditions, introduced by finite transverse dimen-I Slons. are expected to fix A in a physical system. Solving for

E T in terms of E.

6' k -' Y s &A

.e - -w2 -vok,
, .2 .= E, (4)

0 0\ 1 0

Next. we solve the equation of continuity to compute
Dit the perturbed density:

a =- nok.vl'. (5)
Combining Eqs (4) and (5) we can express the perturbed
current density solely in terms of the electric field:

i .where
FIG. 2. Electron beam-magnetic field-dielectnc system. - 'f12 vok w'

We begin by calculating the force on an element of the Yo 2  " -2 .2

electron fluid due to the perturbation. The resulting equa- ieln°  iai2 W12  ivLk, 12

tions of motion are solved to give the perturbed beam veloc- m Tra, la. -2 TO' L2
ity. Specifically, v k, ' - ivok, n u k _ +

F= (ymT)- - E + vT x BT/c), (1) YOW .2  2 Lox +

dt (6)
where r-y[ - 4/c2]- i/2 is the usual relativistic factor. The We will use this current density as a source term in
subscript Tis introduced to indicate total values as opposed Maxwell's equations. Combining the curl equations, we find
to the first order perturbation to be introduced through lin- that the self-consistent fields are governed by

* earization in the next step. We linearize these equations and - k + 1
consider components transverse and parallel to the magnetic k- -k 2 + kk E = 0, (7)

field. The transverse component of the first order velocity w I do t

then satisfies the following relation: where I denotes the unit tensor. Substituting Eq. (6) and
I d choosing the nontrivial solutions, we arrive at the dispersion

dt f2/Y relation:
d -- kE 0 B~c,( 2 0 k,k,d, - ' my c2

where 12 /r = eBo/rmc is the cyclotron frequency. The axial det 0- k 0
component of perturbed velocity obeys: .-

dv, e k, k, 0 C2 k 2

%E'. (2b)-

The first order electric and magnetic fields are coupled + --
through Faraday's law. Fourier transforming and making "C

'2t
use of the explicit dependlance on r and t, the equations of - W, ico'fl - v,,k, w'
motion become: yca, 2 r2 yCO.2 W .2

-___-i__1 -____ -,yok12
W,' if2 /Y)T ie - =~ Okf20
S/y mr X ):T;7 yWW-" .(- , Ifv/r), Vk, vok, aW' ivk, J2 V2k 2 _

- - + E, - + ,E,( 1-I -2 .2  2Wo Wo W L om YW Yc, Oj. YWW r ,
(3a) (8)
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where w' = 41re2n, After considerable algebra, this becomes"
m

P ¢"

* - (:)( ))' 2)( : .... )(w "k)kfq2 l+ 2 ]2

2 (9)

, This dispersion relation describes the normal modes of the The upper sign describes an unstable mode with an exponen-

coupled system. It is exact to within the limitations of the tial growth rate of
linear, cold fluid theory. -- E2  3  ]

.)When ±,, is small, this relation will yield solutions very :J to c [ - k )]
" ,, similar to the a~p 0 (no beam) case except when the de- o0,

W; IW2 2 c

nominators or co are small. As we will show, these cases

lead to instabi~ities and we will refer to them as the space- _ v3 [Weoco(Efi - 1)] t,/charge-Cerenkov instability and the Cyclotron-Cerenkov 2 2ey "  ' (14)

instability, respectively. Although Eq. (9) can be solved by When the plasma frequency is expressed in terms of the
numerical methods, we first want to consider the distinct beam current (I), the Alfven current (I = rnc/e- 17 K.A(
regimes where the co'2 pole or the co' 2 pole dominates, and the beam radius (a)WIll SPACE-CHIARGE-CERENKOV INSTABILITY

Ths disersoselatio thescribe the orm o des seftionTw e uppek sign decrie- nusabemd ihnepnn

solutions where o co and assume that oo' is sufficientlycoled tem. n l/oJ term is negligible compared with the the spatial gain may be written

lina, cold flu a the dof the2 prviu setin we see 14,)3

'."Ic ' em nthis limit Eq. (9) becomes £0,

,* _ __
When no interaction is present, the solutions are given by V_ v3 I]C2 k

no= +ck/erforthefreewaveand = ok: willsh , te for 2ay o ,,

space-charge waves. The inteerre/f = uote, 0
k = ckth ck a, and ys v3 w /e - 1).

synchronism where both the relations are approximately Once we have a value for o,, we must substitute it into

obeyed, as indicated in Fig. 3. Eq. (9) to check our assumption of the dominance of the
Hence, we set

' a,(11) 2

and

Implicit in this condition is the assumption that v > c/ffe,

and one can easily show that the system is stable if this condi-

tion does not hold. Equation (10) now becomes
2 ' c6

(OC -k2 -2L-k2I-. (0
C2 ? c. 1/3

This has a real solution:

22a"c, _ )13a(

a cFIG S DiTerson relation for the electron beam, and for the free electro-

spacecharg magnetic mh idet in the diemectric Snchronim o,curs hen the dasperI on

sychoism where bot theI relatiosaeapoiaey On cre, wehae apr~o vala o o eee for w, weal mut ubtiut mait

1bey - " • in FEquto checte fa and of hpace-charge modes coincide The tela-

Implici in this conditiThe iisrso rehton ashmpio nha her >r fora sa plsm

and one cn shwthttnsgien arefos4 cm B. 5kg. andcn =d3
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I '., term o%,er the l/," term. lourorigtnal assumption is ,

to hold. we find we must add the requirement w-AL, f2 '<I1.
This is equi.alent to assumption 12 sufficientl, large and' ~This ins ability inmol ,es two distinct mechanisms. In
may be thought of as the infinite B limit

ln order to understand the mechanism ofthis instability the first case we set k =0andatllo, Eq. 18; to hedominat-

we must return to thederivation of Eq. 19). We would obtain ed hy the 2e2 ':" term. Here. E.. B.. rVi and 7 are all zero.

Eq. 1101 had we used a conducti tt,, tensor or with only a Figure 4 indicates the relatie phaes of E. B. and v . The

nonvanishing o., element given by ie = iw0/4 torce due to the - v,,. B/c term con'erts the original mo-
n o tin the : direction into the perpendicular plane. The E

r~~ .That is, the instability depends only on j: arising field then does work on the electrons converting the mechari-
from E.. When the relative phases ofn and v, are examined iclenrgyinoron teenern Tonerothe oerusn 's 4,() n 1 w idta hyaeoto hs ical energy into microwave energy The only other first order

yusing Eqs. 4), (5 , and (13) we find that they are out of phase force term present is - ev )< B,/c which holds the electrons
Sby 4i-/3 for the growing mode. This means that the average in the helical orbits.

mechanical kinetic energy of the beam has been reduced, in the herca se

since more electrons are traveling slower than the initial ve-
locity v, than faster. This is called a negative energy wave nates, the largest component of j isj. This is in turn due to
since the amplitude increases as the mchanical energy de- the large value of n rather than v,. The bunching mechanismscete aiudecreases in mechanical energy density appears is best understood using Fig. 5 and noting that the domnant

as electromagnetic energy density, as can be shown by dirct part of v (the first order perturbation of the velocity) is thecalculation, cyclotron motion, which is perpendicular to Bo. As one can Ic asee in the figure, when k, 00 there are regions where the
charge density increases due to the variation of phase with x.

IV. CERENKOV-CYCLOTRON INSTABILITY This results in the large value of n.

We now seek solutions where the I/oW,
2 term dominates Further investigation reveals that n and E. are in phase.

the l/a '2 term in Eq. (9). Again, adding the assumption When one integrates over a whole cycle, more energy is ex-
a>cap Eq. 9 becomes tracted from the higher density of electrons when E. is posi-

I \ tive then is added to the reduced density when E. is negative.
( 7 -- k 2 ) and mechanical energy is converted to electromagnetic ener-

./,gy. This can also be shown by direct calculation.
al[ 2,a'ze (16) As indicated earlier, Eq. (9) can be solved directly by2I -' k 2(.E# 2 - I) + ----- 2 . (6

oJ'-" Cy c" standard numerical methods. These have been carried out
The solutions when no interaction is present are given by keeping terms to order w2 and the results are given in Figs. 6

w = ± ck /, for the free waves, and ca = vk: ±2 fl/y for and 7. These are very much what one would expect based on

the cyclotron waves. As in the previous case, the interaction the preceding analysis: peaks in wa at the points of syncron-
is maximized near synchronism when both relations are ap- ism with the space-charge and cyclotron modes.

proximately obeyed. Hence, we set

w = ck /V" + ,A, V. INSTABILITIES IN AN UNMAGNETIZED BEAM

w w=vok-fD/y+J, In this special case B, = 0 and oa' = ca'. If we also as-

where we have chosen the slow cyclotron mode. The fast sume ca., is small and the synchronism condition. Eq. (9)

mode may be shown to be stable by the same approach. Im- becomes

plicit in the assumption of synchronism is the condition ( •:( " k'+E/: lk"]
vo > c/4e and it can be shown that this mode becomes stable J c
if this condition does not hold. Equation (16) now becomes 2ceyw

,, [c 2k (c,62 - 1) + 2ei2 2/y2] '/2 where one term has been dropped in anticipation of the
"e,. = ica = +i 1(17) smallness of the growth rate 1. In this limit the space-
where the upper sign represents an unstable, exponentially charge-Cerenkov and cyclotron-Cerenkov instabilities have
grwr the Usig repetsn uste potial become degenerate. As in the earlier case [Eq. (12)] this has a• growing mode. Using relation (15), the spatial gain for this ra ouinadacmlxcnuaepi fsltos h
proes ma eepesda real solution and a complex conjugate pair of solutions. The

- process may be expressed as

[c2k2(ea2 - l)+ 212 2 /7]" 2 (/ 1/2

O(ajJw 12 1)

(18) . E

We must now examine the relative magnitudes of the /
terms in Eq. (9) using our result given in Eq. (13). Such analy- F
sis reveals that the neglected terms are indeed small if [ for th Ri = 0 c slotron R.tb ahd

(19)
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FIG. 5 Bunching mechanim for cyclotron instability fork. =0. By exam-
ining the relative phases of the csclotron motions. one sees that the electron
density is growing in the shaded region. 0 .1 0.4 0.8 12 16 2

positive imaginary part by the complex solution is the kz/ k,
&.~ growth rate and is given by

% I W;&(Cfl1 4 1)
21(E- (20) 0.03-

The spatial growth rate is given by

2,8 I oaa c ,6 7R'11

When this is compared with the space-charge-Cerenkov re- 0.015-
suit given in Eq. (14) we obtain

(a,(B =0)
w"lB=0 = (0 2 y),'[(E- l)/e 11 13>6 3  (21)" w(B = ) 'Ak

VI. EFFECTS OF THERMAL SPREAD OF-THE BEAM
The effects of a thermal spread of the beam are included 0 b 0.2 0.4 0.6 0.8 1

through the use of a multistreaming model.9' ° Iffo(v) is the
unperturbed velocity distribution, then nJo(v)dv is the elec- kz/k,

0.03-

0.015

0 0i 0.2 0.4 0.6 0.8

k , / k,

FIG - G r v,%%th rate, trom [q , kceping erm ' rdc In ili ise,

* .." F16 T, . thr cener iar, .r ltcrr ! he r i l I Eq the real part of 4. R k. n hcrie cc ndu r' i rhi i hc~i', ,'
,,lphlrd u. h % i ' .li line, ht A re ti - t ton .iid dalhcd linet are crn thi - tit, a n\ei .nd ." I)' .t i a I I

. 'rnplc Thr helt, iine..e" relerem c tine, lr • = , -l
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U?
tron density for the range c to c - dc. When this is incorpo- 0.04
rated in the plasma frequency of the cold beam (Eq. (i1 and /
the result integrated over v. we obtain

S ----k)" - Jfdt 2 )( -- -W-k

2-ew'-2+ o " - k i c,6 I) . - - - d v . . 1
In this expression t2 ± :n .and w, is assumed to be 0 0 /-'P

sufficiently small to allow us to neglect terms of order ' and "

higher. Forf,(Iv we choose the Lorentzian distribution:

f(v) = I 7[(V - Vo- + ' "IV -

If4 is small, y may be replaced by yo = [I - (v1 c)1 - "/ 2  
a 1 t 2.0 2-5

which is a constant during the integration. The integral is
now analytic except for poles and the integral may be carried k. / k, .
out by closing a contour at infinity. SinL, we seek growing
solutions, we assume w has a positive imaginary part, close
the contour in the lower half plane, and use the residue
theorem. We could close in the upper half plane, but this 0.03[
would require more algebra. This gives the warm beam dis-
persion relation:

ew

i ,,f y~o Vo , iA0.01 ,

(22) '

k ' I~ -i )2 _ 11 + 2c I-j .(v - 1A..

+ ? ; 4 ,2 I ,:o [ :b2 I = 0. ____

We can again readily identify the first and second terms ibi 0.24 0.48 0.72 O.96 1.2
within the braces as the space-charge and cyclotron terms, .

respectively. This equation is solved numerically, and the k / k,

results are presented in Fig. 8. It should be noted that for
high y the growth rate suffers very little for a given energy
spread (where the spread is given as Ay/y with Ay
= (I _I[(vo+A)/c] 21-' 2 -- yo).Athigh yabeamwitha 0.03-

given spread will all be traveling at approximately c and all of
the streams will generate waves which are in phase.

VII. COMPARISON OF THE DIFFERENT REGIMES AND

IMPLICATIONS FOR MICROWAVE GENERATION AND
CONCLUSIONS 0.01

When a relativistic electron beam passes through a di- .4

electric, both the space-charge-Cerenkov and cyclotron- u

Cerenkov instabilities are expected to be present according 3
to our theory (see Fig. 6-8). The geometry of a particular
system will fix the perpendicular component of the wave
vector k, in both cases. Growth rates given in Eqs. (14) and
(17) versusenergy ly)areshown in Fig. 9 forfixed values ofe, 1c) 0.16 a32 0.48 0.64 0.8

Bo, k,, and (j. With these variables fixed, the frequency of
the waves generated vary along the curves and differ, some- kN/ k.
what, between the space-charge-Cerenkov and cyclotron-
Cerenkov curves. This is most pronounced at lower energies
asonewouldanticipatefrom Fig. 3.Thegrowth ratesforthe FIG. 8. Growth rates from Eq. 2)with -4., &=Skg. k, 2 cmI
space-charge-Cerenkov instability fall off at high y while and = 2rrx 10' Hz. (a) is for y = [ 5 and *y/y = 001 and 0 05, the

smaller va'oe giving the greater growth ) and (c) are for y = 3 and 10.

those for the cyclotron-Cerenkov instability remain high. By respectively. In both cases. y/y has been %et equal toO01,0 05, and0 I.the
considering the growth rates at high y [actually we need only growth rates vary inversely with . y/y, as expected.
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which must be much less than I in order for our approxima-
tions to hold. When the cube root is taken the quantity may

2 a Cher" well be close to I leaving the 7" dependence to determine
which growth rate is larger.

1The issue of which instability dominates may not be as
J9 'f simple as comparing the growth rates. If the rates are com-: I parable, the magnitude of the initial disturbace will be very

significant in determining the final magnitude. A spatial in-
crease in Be will give a cyclotron motion to the beam giving a
sizable initial disturbance from which the cyclotron-Ceren-
kov instability can grow. Such considerations may lead one

0 I ] to conclude that the above comparison of growth rates tends
(a) 2 4 6 8 10 to underestimate the strength of the cyclotron-Cerenkov sig-

7" nal.
In a physical system, the electron beam cannot propa-

4 gate through the dielectric unless the dielectric is very weak
such as a gas [see Fig. 9(b)], where the y must be very large for
syncronism. Hence, most actual experiments will consist of

o - \ an electron beam passing through a hole in the dielectric. In
X Space Cr c ,,such a system we have an electromagnetic wave propagating

Scwithin the dielectric at a velocity of c/F with an exponential
, 2 - tail which extends into the hole. It is via this tail that the

electron beam interacts with the electromagnetic wave. The
e-folding length of the tail for a wave synchronous with the- beam is given by

o, L A = vo / I =v(
(b) 20 40 60 80 100 21r 27r

r where Are is the wavelength of the wave when propagating
through free space, v, the phase velocity of the wave in units

FIG. 9. Space-charge and cyclotron growth rates at synchronism vs Y. of c, and the approximate result holds for large 7,.
These are shown for fixed e, B0, k , and w,. In (a) these values are e = 3.78
(quartz),B 0 = 5 kg. k, - 21rcm ' (b = 0.5 cm), and w, = 2irX t0' Hz; for If we are to make efficient use of the beam we must
(b) they are e = 1.02 (gas), B. = 2.5 kg, k, = 2r cm-' (b =0.5 cm), and w. maximize the overlap between the beam and this tail. Hence,

2r 110' Hz. we must have the entire beam within a few e-folding lengths
of the dielectric. This problem is eased considerably by going

c2k I (efl2 - 1)> 212 2/r2], we see that A,, approaches a con- to large values of y, where the characteristic length of the tail
stant while J 4 o " '. In the space-charge-Cerenkov case may be many times the wavelengths in free space. Based on
the motion is primarily in the z direction, a motion which the these considerations we see that the cyclotron is a strong
beam strongly resists as r becomes large. In the cyclotron- candidate for microwave generation or amplification at
Cerenkov case, however, the motion is perpendicular to z. short wavelengths. The gain per degree of overlap between
The dependence of A, on the relativistic cyclotron frequen. the beam and waveguide mode (filling factor) is maximized
cy (n. = 12 /y) is also relevant for this asymptotic depen- in the regime where the overlap is greatest: high r.
dence. This behavior will break down at very high y, where Another advantage of the high y regime is the slight loss
the cyclotron pole at 12 /r will approach the space-charge of growth resulting from thermal spread as noted in Sec. VI.
pole, spoiling the assumptions upon which Eqs. (14) and (17) This should also be true for the case where the beam passes
are based. This same effect is responsible for the energy de- near the dielectric.
pendence of Eq. (21). Our interest in the high y regime will be It should also be noted that, when the beam passes near
seen later. By considering the ratios of the cyclotron-Ceren- a dielectric, the dielectric becomes the waveguide whose
kov and space-charge-Cerenkov growths in the high y limit modes are being excited and hence its dimensions will deter-

All ck 1/3 (eo2 
- 111/2 mine the resulting wavelength. Its transverse dimensions

r 11 " 'may be very small, since the beam need not pass through it,
allowing very high frequencies to be generated. A detailed

or analysis of this system will be presented in a future paper, but

J Y.,( c,6 2 ),- ) the results are expected to be fairly similar to those given
-here. Based on these considerations, excitation of the cyclo-

,, 7"1 2 tron-Cerenkov instability by passing an intense high 7, elec-
we see the higher plasma frequencies Icurrent densities) fa- tron beam near a dielectric seems to present a promising way
vor the cyclotron-Cerenkov instability. It should be noted of generating or amplifying millimeter and submillimeter
that the factor within the square brackets is the quantity microwaves.
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1. Far-Infrared Cerenkov Laser Experiments, J. Walsh,
C. Shaughnessy, E. Garate et al.; llth International
Conference on Infrared and-Miiimeter Waves, 20-24
October, Pisa, Italy; 1986.

2. Cerenkov Free-Electron Laser Operation at Far-Infrared
to Sub-millimeter Wavelengths, E.Garate, J. Walsh,
B. Johnson and S. Moustaizis, 8th Free-Electron-Laser
Conference, Glasgow, Scotland, 1-5 September, 1986.

3. Amplification of a 406.1 m Laser Signal with a
Cerenkov Free-Electron Laser Amplifier, E. Garate,
C. Shaughnessy and J. Walsh, 8th FEL Conf., Glasgow.

4. Far-Infrared to Submillimeter-Wavelength Cerenkov FEL
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Far-Infrared Cerenkov Laser Experiments

J. Walsh, C. Shaughnessy, E. Garate

Dartmouth College

Hanover, N.H. 03755

G. Dattoli, F. Ciocci, A. Renieri,
A. Dipace, G.P. Gallerano, E. Sabia

Or. EIEA

Frascati (Roma)

Italy

u Recent 3xperimental progress on Cerenkov laser

development in the 100-1000 irn wavelength range will

j be reviewed. Devices driven by RF microtron

accelerators and other types of electron beam

cenerators will be described. Descrictions of various

approaches to resonator design and the results of

rK opti.cal cold-testing will also be presented.

Suportd n prtby AFOSR Grant 82-G168 and ATR GrantUAG96--16



I
CERENKOV FREE ELECTRON LASER OPERATION

AT FAR INFRARED TO SUB-MILLIMETER
WAVELENGTHS

E. P. Garate, J. Walsh- C. Shaughnessy, B. Johnson
Department of Physics and Astronomy,

Dartmouth College, Hanover, N.H.
and

S. Moustaizis
Laboratoire de Physique des Milieux lonises,

Ecole Polytechnique, Palaiseau, France

The first time operation of a planar dielectric lined waveguide, driven by a

dense (n-1 012 cm 3), mildly relativistic (1.8<-f<3) electron beam is reported.

The interaction has produced voltage tunable radiation at wavelengths

between 400gm and 1 mm with an estimated power output of 200 KW at the

1 mm wavelength and 75 KW at the 500gm wavelength, yielding efficiencies
of - .1%. Experimental results indicate very good agreement with the

qtheoretically predicted output wavelength for operation on the TM01 mode of

the dielectrically loaded waveguide.

This work was supported in part by U.S. A.R.O. contract DAAG29-85-K-01 76,

A.F. O.S.R. contract 82-0168 and DRET contract 86.028.



II

AMPUFICATION OF A 496.1 jm LASER SIGNAL
3 WITH A

CERENKOV FREE ELECTRON LASER AMPLIFIER

E. P. Garate, C. H. Shaughnessy, JE.Walsh
Department of Physics and Astronomy

Dartmouth College, Hanover, New Hampshire

A Cerenkov FEL has been successfully operated as a superradiant

amplifier, yielding tunable output from 400 gm to 1 mm with electron

beam energies less than 1.1 MeV. 1 We propose to amplify the 496.1 gm

line of methyl fluoride from an optically-pumped far-infrared laser (FIR)

with a Cerenkov FEL amplifier.

The collective linear gain is predicted to be about 1 dB/cm using a

moderate current, cold electron beam. A prism will efficiently couple

the linearly polarized IR laser signal to the TM0 , thin film waveguide

mode. Direct measurement of the guide wavelength verifies the

predicted dispersion of the mode.

A novel "bent waveguide" design for the amplifier is described in

detail. The proposed coupling optics and detection scheme are presented.

Using electron beam energies of approximately 400 keV, the

Cerenkov amplifier would be quite compact and capable of high

repetition-rate pulsed operation. With the proper choice of dielectric

film thickness, high output powers can be obtained at any of the

wavelengths available from the optically-pumped FIR laser. In principle,

the output linewidth should be comparably narrow.

This work is supported in part by U.S.A.R.O. contract

DAAG29-85-K-0176 and A.F.O.S.R. contract 82-0168.

1. E. P. Garate, et. al., to be published



Abstract Submitted for the Twenty-Eighth Annual Meeting
Division of Plasma Physics

November 3-7, 1986

Category Number and Subject 4 . 9 Coherent radiation generation

D Theory7 3 Experiment

Rar/n7aied'6 SffbrfiillimetLT Wavelength Cerenkov F.E.L Operation" *

E.P.Garate, J.Walsh, C.Shaughnessy, B.Johnson, Dartmouth College

S. Moustaizis. Ecole Polytechnigue (France)-- The first time operation
of a rectangular, partially filled with dielectric waveguide driven by a

dense (n-10 12 cm 3 ), mildly relativistic (1.8<y<3) electron beam is

reported. The interaction has produced voltage tunable radiation at

wavelengths between 400pm and 1mm with an estimated power output

of 200 KW at the lmm wavelength and 75 KW at the 50Om

wavelength, yielding efficiencies of - .1%. Tuning curves will be

presented for the measured output wavelength as a function of the

j electron accelerating voltage for the range 400Kv to 1.1Mv.

Experimental results indicate very good agreement with the theoretically

predicted output wavelength for operation on the TM0 1 mode of the

dielectrically loaded waveguide.
*Supported in part by U.S.A.R.O. contract DAAG29-85-K-0176,

A.F. O.S.R. contract 82-0168 and DRET contract 86.028.

0 Prefer Poster Session Submitted by:

:£ Prefer Oral Session

0 No Preference
Special Requests for Placement of (Signature of APS Member)
this Abstract:
Special Facilities Requested (e.g., movie John Walsh
projector):. (Same Name TypeNritten)

Dept. of Physics and Astronomy
Dartmouth College, Hanover, N.H.

(Address)

This form, or a reasonable facsimile, plus TWO XEROX COPIES, must be received by NO LATER THAN NOON,
Friday, July 18,1986, at the following address:

Ms. Dana Richards
L-630
Larence Livermore National Laboratory
P.O. Box 5511

7000 East Avenue
Livermore, CA 94550

(415) 422-9858



I

Lower and Sub- mm Wavelength Cerenkov F.E.L..
E. Garate, S. Moustaizis, J. M. Buzzi, C. Rouille, Ecole
Polytechnigue (France), J. Walsh, B. Johnson, Dartmouth

oll ,. .--- The interaction of a dense (1012cm ), mildly
relativistic electron beam (1.8<-y<3) with a cylindrical,
dielectric loaded slow wave structure has produced tunable
output radiation at 0.95-mm to 2-mm wavelengths. The
estimated power output is 500 kw at the 2-mm wavelength and
at least 10 kw at the 0.95-mm wavelength, giving a conversion
efficiency of 0.5%. Tuning curves will be presented for the
measured output wavelength as a function of the electron beam
accelerating voltage for the voltage range 400 Kv to 1 Mv. The
wavelength was measured using a grating spectrometer
calibrated to operate in the 0.85-mm to 8-mm wavelength
range. Results indicate very good agreement with the
theoretically predicted output wavelength for operation on the
TMOI mode of the dielectrically loaded waveguide.

* Supported in part by AFOSR grant #82-0168

I

.. .,I.,



Abstract Submitted
For the Twenty-Seventh Annual Meeting

Division of Plasma Physics
November 4-8, 1985

Category Number and Subject 1.1.11 Electron beam/plasma interactions

E"Theory E Experiment

Mode Locking of Lanemuir Waves in a Beam
Driven Plasma, R. B. McCowan, J. E. Walsh, Dartmouth
"Q kZL* Longitudinal waves in a cylindrical magnetized
plasma will mode lock when two electron beams of equal
voltage and opposite direction are introduced into the plasma.
One beam is generated by a heated cathode electron gun, the
other beam is formed by reflecting the first from the endplate.

The primary effect of the two beam system is to
symmetrize the dispersion relation for the beam driven waves;
this allows high quality standing waves to exist in the plasma
column. The beat frequencies between these standing waves
will lock and force the waves to become equally spaced in
frequency. When the phases of the modes are equal the signal
measured on a loop antenna shows a pulsed output analogous
to that of a mode locked laser1 .

The wave amplitudes are treated as coupled oscillatorsI with nonlinear dissipation. Oscillators of this type are known
to show entrainment phenomena 2 . Theoretical andexperimental results will be presented.

* This work is supported in part by AFOSR grant 82-0163

1 Hargrove, Fork and Pollack, Appl Phys Lett. v.8 1966
2 B. van der Pol, Proc IRE 22, 1934
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Abstract Submitted

For the Twenty-Seventh Annual Meeting
Division of Plasma Physics

November 4-8, 1985

Category Number and Subject 4.9.3 Free Electron Lasers

A 1 Cerenkov FEL Experiment. J. WALSH,
B. JOHNSON, and C. SHAUGHNESSY, Dartmouth College*,
A. RENIERI, G. DATTOLI, and G. GALLERANO, E.N.E.A.
Frascati--A 10pm-wavelength, microtron-acceler-
ator-driven, Cerenkov laser experiment is planned.
The accelerator operates at an energy of 5 MeV
and has a peak current of 2A in the micropulse.
The beam is transported through a thin dielectric-
film-loaded planar resonator which supports
cylindrical-Gaussian modes and for the designed
beam and resonator parameters, unity small-signal
gain-per-pass can be achieved. Transport focus
and positioning at the electron beam is accom-
plished with three- quadropole magnets, a
positioning magnet and a solenoid. With the
anticipated accelerator beam quality and trans-
port channel parameters (energy spread and
emittance), the monoenergetic beam approximation
will apply and the expected efficiency is in the
1% range. A discussion of the design details
and preliminary experimental results will be
presented.

*Supported in part by AFOSR Grant 82-0168 and

ARO Grant DAAG29-83-K-0018.

Submitted by:

/Z/7ohn Walsh

Department of Physics

Dartmouth College

Hanover, N.H. 03755
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Abstract Submitted
For the Twenty-Sixth Annual Meeting

Division of Plasma Physics
October 29 to November 2, 1984

Category Number and Subject 4.9.3 Free Electron Lasers

0 Theory J9 Experiment

Cerankoy Amplifiars. J. Branscum, R. W. Layman,
T.Buller and John Walsh, Dartmouth Col --erenkov
oscillators and many other beam driven devices make use of
cylindrically symmetric TM modes of a wave guiding structure.
This class of mode may not be the one which Is most convenient for
input coupling In an amplifier, however, and for this reason a
number of dielectric loaded structures which support linearly
polarized modes have been Investigated. Two which have been
considered in detail are standard rectangular guides loaded with flat
slabs of dielectric and flat plate quasioptical resonators loaded with
thin dielectric films. The first of these supports two classes of
mode usually denoted as LSE(M). These are closely related to the
more familiar TE and TM modes. The second type of resonator will
support a mods which is Hermite-Gaussian in the direction across
the guide and cylindrical about an axis perpendicular to the plane of
the resonater. The free mode dispersion curves and derivations of
the Cerenkov gain in both the single particle and collective
interaction limits will be discussed for both types of structure.
Preliminary experimental data will also be presented.

* Supported in part by AFOSR grant a82-01 68
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Abstract Submitted
For the Twenty-Sixth Annual Meeting

Division of Plasma Physics3 October 29 to November 2, 1984

Category Number and Subject 4.9.3 Free Electron Lasers

;Theory 0 Experiment

Fffed gLli. Qtmll1 an Crnnka. Qdn J. Walsh,
B.Johnson, DatothQU E.Oarate, Ecals Pnlvtechnique
O.Dattoli ,FEfALFrimtil--eneralized beam qu~ality parameters
which determine Cermnkov laser performance may be defined These
are related to the relative energy spread. to the finite beam
emittancexad,in short pulse experiments, to the relative slippage
between the beam and the radiation. These parameters, together
with an expression for the relation between beam current density
and amlttuice', can be used to develop optimum expressions for
gain and other quantities. We will show that this argument, which
has already been used for Free Electron lawes in the COmpton
limit, can be extended to sources operating in the collective limit
In this extension a relative beam strength parameter must also be
introduced The resulting expressions will be used to establish
optimum parameters for Cerenkov amplifiers.

I Lawson-Penner Limit and Single Passage Free Electron
Laser Performance, G.Dattoli, T.Letnrdl, J.M.J. Maday, and
A.Renieri. IEEE J - GE ( 1984).

*Supported in part by AFOSR grant 082-0168
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Abstract Submitted
For the Twenty-Sixth Annual Meeting

Division of Plasma Physics
October 29 to November 2, 1984

Category Number and Subject 1.2 Nonlinear Waves and Instabilities

0 Theory XExperiment
Chaotic Behavior' ofElectron 0emMDrfyen Waves.

Robert McCowan and John Walsh, DartmoutCnll.*-- Chaotic
behavior now appears to be a universal phenomenon in nonlinear
systems. The present work is an attempt to observe chaotic
behavior of longitudinal plasma modes in a beam plasma. The
experiment consists of a strongly magnetized electron beam formed
plasma column with an electron density of 109 to 1010
electrons/cm3. The plasma Is probed with a second beam with
voltages from 0 to 1000 volts, and currents from 0 to 30 mA. The
purpose of this second beam is to drive natural modes of the bounded
system unstable; the nature of these unstable waves is studied.

The behavior of unstable longitudinal waves in a bounded
lossy system can be modelled using coupled van der Pl oscillators.
Coupled nonlinear equations of this type show subharmonic
bifurcations leading to chaos via the route described by Feigenbaum.
Experimental and theoretical results will be presented.
*This work has been supported in part by AFSR grant 82-0168.
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Abstract Submitted
/ For the Twenty-fifth Annual Meeting

Division of Plasma Physics
i/ November 7 to 11, 1983

Category Number and Subject 4.9 Coherent Radiation Generation

"Theory L Experiment

Excitation of the Slow Cyclotron Wave by the

Passage of a Superluminous Electron Beam Near a

Dielectric Slab*, WILLIAM B. CASE and ROBERT D. KAPLAN,
Grinnell College, and JOHN E. WALSH, Dartmouth College.

We consider the excitation of the slow cyclotron wave

due to the interaction of a superluminous electron

beam passing near a dielectric slab. The analysis is

carried out by treating the electron been Ls a cold

fluid which perturbes the degenerate polarization modes

of the electromagnetic waves in free space. The

resulting modes are then matched to the modes within

the dielectric producing a dispersion relation for the

system. When solved using numerical techniques, we

find exponential growths for the slow cyclotron mode

(Cyclotron-Cerenkov) as well as the usual slow space

charge mode (Space Charge-Cerenkov). If this system is

to be used for generation of submillimeter waves, one

must use high y (y > 2r) to guarantee good coupling.

In this regime the growth rate for the Cyclotron-
Cerenkov instability is greater than that for the
Space Charge-Cerenkov. Considerations of the effects
of therminal spread will also be given.

*Work supported in part by AFOSR Contract # 82-6108.
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/ Abstract Submitted
For the Twenty-fifth Annual Me3eting *U

/ Division of Plasma Physicti
// November 7 to 11, 1983

Category Number and Subject 4.9 Coherent Radiation Generation
.3 Free Electron LasersSTheory ~ jExperiment

Experimental Performance of a Cerenkov Maser
at Lower xmm Wavelenqths. J. WALSH, E. GAP.ATE,
T. BULLER, R.W. LAYMAN, R. COOK and D. WILLEY,
Dartmouth Cole*-Cerenkov Masers have achieved
hundred-KW power levels in the middle-mm range and
outputs in excess of ten KW in the lower-mm region1 .
Stbstantial output levels, on higher order cavity
modes, have also been obtained at wavelengths below
1 zmm. However, the typical single-stage high power
output pulse is often considerably less than the
electron beam pulse length. In the longer wavelength
.range, two-stage, oscillator-amplifier operation has
been used to increase the pulse length and the
overall stability of the output. The results of
attempts to extend this concept to shorter wavelength
will be discussed. In addition, resonator design
criteria for fundamental mode operation in the 1.-mm,
wavelength range and preliminary experimental results
will be presented.

Ell1. A High Power Cerenkov Maser oscillator, S. Von
Laven et al., Appl. Phys. Lett. 41(5), 408 (1982).

*Supported in part by AFOSR Contract 4 82-0168 and
APO Contract # DAAG29-83-K-O0l8.
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Experimental

A Two-Stage Cerenkov Oscillator, J.E. WALSH,
S. VON LAVEN, R.W. LAYMAN, E. GARATE and R. COOK,
Dartmouth College*--Recentlyl, 100 KW levels of output
power have been obtained in Cerenkov oscillator experi-
ments. The device, which has been described in more
detail elsewhere, consists of a pulse transformer-
generated, 100-200 KV, 10-20 A, 1 Psec beam pulse, a
dielectric-loaded guide, and a variety of output
coupling structures. The output power levels indicate
that the beam is nearly 100% modulated during its
passage through a 10 cm-long resonator. This in turn
suggests that enhancement of the output power could
be obtained if the now bunched beam is passed through
a second resonator which is weakly coupled to the first,
and whose phase velocity is lower than that of the
first resonator. Such a device is similar to a multi-
cavity klystron or a velocity-tapered traveling wave
tube. A theoretical analysis and results of experi-
mental investigation of this concept will be presented.

1. A High Power Cerenkov Maser Oscillator, S. Von
Laven, J. Branscum, J. Golub, R. Layman and J. Walsh,
Appl. Phys. Lett., Sept. 1, 1982, to be published.
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A High Power Cerenkov Microwave Source.* S. Von
Laven, J. Branscum, J. Golub, R. Layman and J. Walsh,
Dartmouth College. An electron beam-driven dielectric-
lined waveguide has produced 30-100 kilowatts of
coherent radiation over an octave band on the TMOI
mode of the waveguide. Operation on the T%02 mode has

4.. been realized as well. Impedance mistmatches at the
ends of the liner section provide a reflected signal,
which undergoes amplification during successive passes.

IThis work employes a pulsed, 1-40 ampere beam
of 100-250 keV electrons directed along the axis of
a dielectric-lined circular waveguidel.

The pulse duration is about four microseconds.

Quartz (eps=3.78), stycast (eps=5), and boron nitride
(eOs=4.2) liners of several thicknesses have been
employed.

1For most dielectric liners used, the fundamental

output frequency is near the frequency at which the
phase velocity of the 1M01 mode is synchrcnous with the
beam. Data will be presented for several liners in 12.5
mm diameter waveguide. A large systematic error is noted
for the case of the 3 mm quartz liner. A surface charge
build-up on the quartz is suspected of decelerating the
beam to velocities synchronous with the observed output.
The problem nearly disappears for 2 mm quartz. The
longitudinal electric field associated with the 1 mm
liner geometry is too weak to give good coupling for
moderate beams.

The output power is found to increase as the square
of the beam current in the 1-10 ampere range for the 2mm
quartz liner, again in 12.5 mm diameter waveguide. in a
separate, absolute measurement with the same liner

geometry, a 12-ampere, 115 kilovolt beam generated 30U'2 kilowatts of radiacion at 50 Ghz. Powers up to 100
kilowatts were obtained at lower frequencies for 3 mm

thick boron nitride in the 12.5 mm diameter waveguide.
Power is often sufficient to cause atmospheric

breakdown in X-band waveguide.
The range of frequencies obtainable on a single

mode has reached nearly an octave. In some of the 12.5
mm diameter waveguide experiments and in a 9.5 mm wave-
guide experiment, it has been possible to suppress the

T01 mode and observe coupling to the P1O2 mode.
Frequencies between 100 and 120 Ghz have 'een attained.
The power is probably less than that obtainable on the
TM01 mode, but still significant. Lower levels of
output have been observed through a 200-Ghz filter with
the 2 mm quartz liner, 12.5 mm waveguide.

Discrete cavity modes are observed rather than a
continuous waveguide spectrum. The Q ot the ilner
section itself is an important par_-meter. Reduced
reflectivity at either end raises the vol:ige threshold
etfor output.

*Work supported by AFOSR Contract # 77-3410D.

IK.L. Felch, K.O. Busby, R.W. Lavmnn, D. <npilow and
J.E. Walch. A -' P . Lett.38, A01 )
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